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Abstract

In order to replace the expensive metal/ligand catalysts and classic toxic and volatile solvents, commonly used for the hydration of
alkynes, the hydration reaction of alkynes was studied in the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate (BMIm-
BF,) adding boron trifluoride diethyl etherate (BF3-Et,O) as catalyst. Different ionic liquids were used, varying the cation or the
anion, in order to identify the best one, in terms of both efficiency and reduced costs. The developed method was efficaciously
applied to different alkynes, achieving the desired hydration products with good yields. The results obtained using a conventional
approach (i.e., adding BF3-Et;O) were compared with those achieved using BF3 electrogenerated in BMIm-BF,, demonstrating the
possibility of obtaining the products of alkyne hydration with analogous or improved yields, using less hazardous precursors to
generate the reactive species in situ. In particular, for terminal arylalkynes, the electrochemical route proved to be advantageous,
yielding preferentially the hydration products vs the aldol condensation products. Importantly, the ability to recycle the ionic liquid

in subsequent reactions was successfully demonstrated.

Introduction
Alkynes are fundamental starting materials towards more com-  tion of different molecules of pharmaceutical and industrial
plex organic compounds, widely used both in organic chem- interest [1-9]. Among the different organic transformations in-

istry and in electrochemistry as raw materials for the prepara-  volving alkynes, their hydration is a well-known and useful
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reaction in organic chemistry, affording carbonyl compounds
based on an atom-economical approach. Indeed, the addition of
water to the triple bond of a terminal alkyne leads to the forma-
tion of the corresponding methyl ketone or aldehyde, in the case
of Markovnikov or anti-Markovnikov addition, respectively. On
the other hand, the hydration of an internal unsymmetrical
alkyne can lead to the formation of the two possible regioiso-
meric ketones.

The hydration reaction requires a catalytic species, able to
polarize the alkyne triple bond to facilitate water attack.
Initially, in 1881, Kucherov identified mercury(Il) salts in
sulfuric acid as efficient promoters of the hydration of alkynes
and this catalyst system has found applications in industrial
scale synthesis [10]. However, the toxicity and the environ-
mental issues associated with the use of mercury-based com-
pounds have stimulated the search for alternative catalysts and
conditions for the hydration of alkynes, in order to identify safer
and more sustainable methods [11-13]. In particular, transition-
metal catalysts containing Au(I) or (IIT) [14-24], Ru(II) [25-30],
Pd(II) [31-33], Pt(I) [34,35], Fe(II) [36,37], Cu(I) [38-41],
Co(III) [42-44], as well as other metals, have been widely
studied. In addition, methods involving Brgnsted acids, alone or
in presence of Lewis acids as co-catalysts, have been de-
veloped [45-54]. However, some of these procedures suffer
from major drawbacks, such as the toxicity and/or high cost of
the metal catalysts, the need to use concentrated Brgnsted acids
in high excess, long reaction times, and high temperatures. In
addition, these reactions have been studied mainly in classical
volatile and, in some cases, toxic organic solvents, such as
dioxane, tetrahydrofuran, methanol, dichloromethane or 1,2-
dichloroethane.

The efficiency of the reported catalysts and of the examined
reaction conditions are variable according to the alkynes consid-
ered and, nowadays, the identification of new catalysts as well
as increasingly mild, economic and sustainable reaction condi-
tions remain fundamental objectives for research in the field of
organic chemistry. In recent years, alternative methods have
been developed, including the use of different heterogeneous
catalysts, to ensure their recovery and reusability after several
reaction cycles [55-68], or the use of eco-friendly reaction
media [69-72]. Recently, Zhang and co-workers reported an
electrochemical procedure for the hydration of arylacetylenes,
under mild reaction conditions, without transition metal cata-
lysts, added oxidants, or strong acids involved, using Select-
fluor (1-(chloromethyl)-4-fluoro-1,4-diazabicyclo[2.2.2]octane-
1,4-diium ditetrafluoroborate) as essential additive [73].

With regard to the reaction medium, the idea of replacing

classic organic solvents with alternative solvents could repre-
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sent an important innovation for alkyne hydration. In particular,
ionic liquids (ILs) could represent a valid alternative to conven-
tional organic solvents. ILs are generally liquid salts at or near
room temperature, formed by large unsymmetrical organic
cations and weakly coordinating or not-coordinating organic or
inorganic anions. They have interesting physicochemical prop-
erties that differentiate them from the organic solvents com-
monly used in synthesis [74-77]. Importantly, they have a very
low vapour pressure, and therefore do not behave as air pollu-
tants. This also facilitates their recovery and recycling. Further-
more, they generally exhibit low flammability, high thermal and
chemical stability, good thermal and electrical conductivity,
together with the ability to solubilize organic and inorganic
compounds of different polarity [78-81]. Considering the
intrinsic ionic nature of ILs, they act as very different chemical
medium compared to molecular solvents, having the possibility
of stabilizing charged or dipolar intermediates. Therefore, ILs
can be used to modulate outcomes for some chemical reactions
[82,83].

There are only a few reported examples of the hydration reac-
tion of alkynes carried out in ILs. In one case, a dicationic IL,
containing sulfuric acid as catalyst, was used as reaction medi-
um to carry out the hydration of different alkynes under mild
conditions (40-60 °C, 0.5—-1 h) [84]. In a second case, different
Brgnsted acid ionic liquids (BAILs) have been used both as me-
dium and as catalysts for the hydration of various alkynes
(60 °C, 10-24 h) [85,86]. In these works, the ILs were effi-
ciently reused for subsequent reaction cycles. Another research
group reported the use of commercially available 1-butyl-3-
methylimidazolium hexafluorophosphate (BMIm-PFg) as
co-solvent with methanol and water to allow recycling of a
phosphine-based Au(I) complex, as an efficient catalytic system
for the hydration of terminal alkynes [87]. Moreover, the inter-
esting properties of ILs have also been exploited to synthesize
new solid polymeric catalysts for the hydration of alkynes,
named poly(ionic liquid)s (PILs), using trifluoroethanol as sol-
vent [88,89].

One of the most studied classes of ILs in organic chemistry are
1,3-disubstitued imidazolium cations, which are cheap, liquid
over a wide range of temperatures, and possess good solvating
properties [90,91]. Due to their wide electrochemical window,
imidazolium ILs are commonly used in organic electrochem-
istry, simultaneously as solvents and supporting electrolytes
[92-94]. In addition, the cathodic reduction (both in batch [95]
and in flow [96]) can be exploited for the generation of
N-heterocyclic carbenes (NHCs), extensively studied as organo-
catalysts as well as ligands for transition-metal-promoted syn-
thetic methodologies [97-99]. Under anodic oxidation, the elec-

trogeneration of boron trifluoride (BF3) from tetrafluoroborate
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ILs occurs [100,101]. Moreover, we have recently demon-
strated the possibility to efficiently apply the electrogenerated
BF; in IL for different classical acid-catalysed reactions
[102,103]. Specifically, electrogenerated BF3 in 1-butyl-3-
methylimidazolium tetrafluoroborate (BMIm-BF,) appears as
an alternative and less dangerous source of BF3 compared to
commercially available BF5 diethyl etherate (BF3-Et,0), com-
monly used in organic synthesis. Indeed, the main advantages
of the developed system are: 1) in situ generation of BF3, which
avoids its storage and handling, 2) the possibility to control the
amount of electrogenerated BF3 using current by simply starting
or stopping the electrolysis, 3) the absence of fuming, most
probably due to the ability of the IL to stabilize the Lewis acid,
4) reduced sensitivity to moisture, due to the protective action
of the IL, and 5) the possibility of recycling the same sample of
IL for subsequent reaction cycles. In addition, with computa-
tional studies we demonstrated the greater stability of BF3 in
BMIm-BF,4 compared to BF3-Et,O [103].

Based on the ever increasing need to identify new eco-friendly
catalysts and/or reaction media for the hydration of alkynes, and
considering our previous works on ILs and electrogeneration of
BF3, the aim of this work was to explore the hydration of
alkynes using ILs as reaction medium and BFj5 as catalyst. First
of all, we investigated the behaviour of diphenylacetylene in
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BMIm-BF, containing BF3-Et,O. Then we evaluated the same
reaction in different ILs, modifying the cation or the anion.
Subsequently, we extended the method to different internal and
terminal alkynes. Finally, we studied the reaction in the electro-
generated BF3/BMIm-BF, system, comparing the results with
those obtained with the chemical route (BF3-Et;0).

Results and Discussion

Optimization of the reaction conditions for
hydration of diphenylacetylene in BMIm-BF4
with BF3-Eto0

In the initial investigation, the internal alkyne diphenylacety-
lene (1a) was selected as a model substrate to evaluate alkyne
reactivity in the ionic liquid 1-butyl-3-methylimidazolium tetra-
fluoroborate (BMIm-BF,) catalysed by BF3-Et;O and to opti-
mize the reaction conditions for hydration. All reactions were
carried out in sealed vials, in 1 mL BMIm-BF,4 at 80 °C for the
time indicated in Table 1. At the end of the reaction the mixture
was extracted with diethyl ether and the extracts were washed
with water to obtain the crude, which was analysed using NMR

spectroscopy.

Initially the reaction was carried out without added water, in the
presence of a large excess of BF3-Et,O (5 equiv) (as often re-

Table 1: Optimization of the reaction conditions for hydration of diphenylacetylene (1a)2.

D=y« vo mao

1a

Entry BF3-Et,OP Ho0b BMIm-BF4°
1€ 5 - dried

of 5 - not dried
3¢ 5 - dried

4f 5 1 dried

5f 5 1 dried

6f 5 2 dried

79 5 2 dried

8f 4 1 dried

99 3 1 dried

10 3 - not dried
11 2 - not dried

(0]
BMIm-BF, O
80 °C O
2a

Time Yield 2a [%]? Recovered 1a [%]¢
5h 53 46

5h 73 24

18 h 87 10

5h 72 24

18 h 95 4

5h 73 26

18 h 96 (90)" 1

18 h 83 13

18 h 81 11
65h 92 3

65 h 66 28

aAll the reactions were carried out at 80 °C in BMIm-BF,, with 0.3 mmol of diphenylacetylene (1a); Pequivalents with respect to 1a; °BMIm-BF, was
kept under vacuum (7 mbar) for 16 h before each use (dried) or used as such (not dried); dyields calculated from 'H NMR spectra of the crude
extracts; ®the same recycled IL was used for the experiments in entry 1 and 3; fthe same recycled IL was used for the experiments in entries 2, 4-6
and 8; 9the same recycled IL was used for the experiments in entries 7 and 9; Myield of the product 2a isolated after column chromatography.
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ported in literature, see as an example [104]). The reaction was
conducted for 5 h at 80 °C using either “stock” (undried)
BMIm-BF, (Table 1, entry 2) or “dry” BMIm-BF, (kept under
vacuum for 16 h before use, entry 1). Due to the hygroscopic
nature of the ILs, the water present within the “stock” BMIm-
BF, was evidently enough to give the hydration product 2a with
73% yield (Table 1, entry 2). However, even in the dried IL,
without external addition of water, the product was obtained
with 53% yield (Table 1, entry 1), demonstrating that the
applied drying process was not sufficient to eliminate all the
water present.

By increasing the reaction time, from 5 h to 18 h (Table 1, entry
3), recycling the IL used in the experiment in entry 1 (after
drying the IL under vacuum for 16 h), there was a significant

increase in product yield from 53% to 87%.

Then, we investigated addition of water to BMIm-BF,, as the
literature reports that the hydrolysis of the anion of this IL is
quite slow in the presence of excess water (less than 5% BF,~
hydrolysis in a 1:1 in volume IL/water solution kept at 45 °C for
24 h) [105]. It should be noted that the same treatment carried
out on 1-methyl-3-octylimidazolium tetrafluoroborate (OMIm-
BF,) evidenced a much higher extent of BF,~ hydrolysis. This
is probably due to the weaker interaction between cation and
anion of the IL as the length of the side alkyl chain increases,
which makes the BF, /water interaction more effective. Al-
though Saihara and co-workers demonstrated that BF,~ hydro-
lysis generates HF, which reacts with the surrounding glass
container yielding SiFg2~ (signal at =130 ppm in '°F NMR
spectrum) [106], we never detected such a peak in I9F NMR
spectra of the neat IL, analysed after reaction work-up, keeping
it under vacuum to completely eliminate diethyl ether traces
before NMR analysis. It should be mentioned that the solution
was kept in the NMR tubes only for the time necessary to
record the NMR spectra. We cannot exclude that a much longer
contact time between glass and solution could evidence such a

signal.

Using dried IL and adding 1 equiv of water with respect to
alkyne (Table 1, entries 4 and 5), the yield of 2a improved from
53% to 72% after 5 h (Table 1, entry 1 vs 4), and from 87% to
95% after 18 h (Table 1, entry 3 vs 5). Therefore, comparable
yields of 2a can be obtained using the “stock™ IL (Table 1,
entry 2) or the dried IL by adding 1 equiv of water (Table 1,
entry 4). Clearly, the amount of water contained in the IL
can be affected by various factors, in particular how long the
bottle has been opened and to how much moisture it has been
exposed, so from the point of view of reproducibility it was
preferred to dry the IL and add a defined amount of water. By

increasing the amount of water to 2 equiv, the yields of the
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desired product did not change (compare Table 1, entries 4 vs 6,
and 5 vs 7).

A modest decrease in the yield of 2a was observed when the
amount of BF3-Et,O was reduced (4 and 3 equiv) in the pres-
ence of 1 equiv of water for 18 h, although the yields of the
reaction product still remained high (>80%, Table 1, entries 8
and 9). Further investigation using lower amounts of BF3-Et;,0
revealed that a 92% yield of 2a could be realized using 3 equiv
of the Lewis acid by extending the reaction time to 65 h
(Table 1, entry 10). A further reduction in the amount of
BF3-Et,0 to 2 equiv resulted in a lower yield of 66% after the
same reaction time (65 h, Table 1, entry 11). The experiments
reported in Table 1 suggest that the best conditions for the
hydration of diphenylacetylene (1a) are 5 equiv of BF3-Et,0,
1 or 2 equiv of H,0, at 80 °C for 18 h (Table 1, entries 5 and 7).
Importantly, as shown in Table 1, the same samples of BMIm-
BF, were efficiently reused up to five times, without adversely
affecting the reaction yields.

Screening of different ionic liquids as media

for the hydration of diphenylacetylene

After the optimization of the reaction conditions in BMIm-BF,,
different ILs were considered as alternative solvent (Table 2
and Table 3). All the experiments were carried out under the
conditions reported in entry 9 of Table 1, in order to observe
possible variations in the yield of compound 2a. ILs with differ-
ent anions or cations (compared to BMIm-BF,) were investigat-
ed to probe potential interactions with the reagents, the interme-
diates or the reaction product. All the ILs were dried under
vacuum for 16 h, prior to use.

Considering the imidazolium tetrafluoroborate ILs, with the
exception of BMIm-BF,, a progressive decrease in the yield of
2a, from 76% to 31%, was observed by increasing the length of
the aliphatic chain linked to the imidazolic ring (Table 3, entries
1-5). Although BMIm-BF, gave a slightly higher yield than
that obtained with EMIm-BF,, the general trend suggests that
probably the increase in the lipophilicity of the ILs impairs the
reaction, hindering the attack of water to the triple bond.
Furthermore, the reaction in BDMIm-BF,4, with an additional
methyl group in 2 position of the imidazolic ring, gave 2a with
a lower yield compared to BMIm-BF, (Table 3, entry 6 vs 2).
Replacing the imidazolium cation with 1-butyl-3-methylpyri-
dinium led to a drastic reduction of the yield of 2a, to 35%
(Table 3, entry 7).

By keeping the 1-butyl-3-methylimidazolium cation unchanged,
anion variation also affected the reaction yield. Indeed, in the
presence of triflate, acetate or trifluoroacetate anions the desired

product was obtained only in trace amounts (Table 3, entries

1969



Beilstein J. Org. Chem. 2023, 19, 1966—1981.

Table 2: Structure of the ILs used as solvent for the hydration reaction of diphenylacetylene (1a).

Structure Acronym R R X-
EMIm-BF, CH3CHo- H- BF,~
BMIm-BF, CH3(CHa)s- H- BF,-
HMIm-BF4 CH3(CHa)s- H- BF,-
CH, OMIm-BF, CH3(CHa)7- H- BF,~
N 4 DMIm-BF, CH3(CHa)g- H- BF,-
[ el BDMIm-BF, CHa(CHg)3- CHa- BF,-
N BMIm-Tf,N CH3(CHa)a- H- (CF3S02)oN-
R BMIm-PFg CHa(CHa)s- H- PFg-
BMIm-TfO CH3(CHa)a- H- CF3S03"
BMIm-OAc CHa(CHa)a- H- CH3COO0-
BMIm-OCOCF CHa(CHa)s- H- CF3CO0-
j/CH;:,
(N/a, BF, BMPy-BF,

(éH2)30H3

Table 3: Hydration reaction of diphenylacetylene 1a in different ILs2.

Entry  Solvent? Yield 2a [%]° Recovered 1a [%]°
1 EMIm-BF,4 76 13
2d BMIm-BF, 81 11
3 HMIm-BF4 71 20
4 OMIm-BFy4 37 54
5 DMIm-BF4 31 61
6 BDMIm-BF4 64 28
7 BMPy-BF, 35 60
8 BMIm-TfoN 87 4
9 BMIm-PFg 87 3
10 BMIm-TfO 1 95
11 BMIm-OAc traces 98
12 BMIm-OCOCF5; traces 97
13 dioxane 10 90

aAll the reactions were carried out with 0.3 mmol of diphenylacetylene
(1a), 3 equiv of BF3-Et,0, 1 equiv of H>0, at 80 °C for 18 h; Pthe ILs
were kept under vacuum for 16 h before use; Cyields calculated from
the TH NMR spectra of the crude extracts; dreplicate of experiment re-
ported in entry 9 of Table 1, for comparison.

10-12). This could be explained by the fact that these anions
could coordinate the Lewis acid BF3 through the negatively
charged oxygen [107], decreasing availability of BF3 for cataly-
sis.

Otherwise, ILs possessing bis(trifluoromeylsulfonyl)imide and

hexafluorophosphate anions afforded hydrated product 2a with

slightly better yields (87%) compared to those achieved with
the BF,~ counter anion (Table 3, entries 8-9 vs 2), suggesting
PFg¢~ and Tf,N~ do not hinder the reactivity of BF3 in the

hydration reaction.

Based on these results, considering the higher cost of BMIm-
TfHN and BMIm-PFg, the preferred IL among those tested, in
terms of both yield and cost, is BMIm-BF,.

The reaction was also carried out using dioxane as solvent
[108]. In this case, the product was obtained with a very low
yield of 10% (Table 3, entry 13). This result emphasizes the
importance of the use of an IL as a solvent, not only for its
green aspect, in particular for its very low vapour pressure and
for the possibility of its recycling, but also for its ability to
stabilize ionic or polar intermediates, improving the reaction

efficiency.

Hydration of different alkynes catalysed by
BF5-Et,O in BMIm-BF,

Subsequently, the developed method was extended to different
alkynes, both internal and terminal. The best results for the
hydration reaction of each studied alkyne, catalysed by
BF3-Et,0 in BMIm-BF,, are summarized in Table 4, while all
the experiments carried out are reported in Table S1 in Support-
ing Information File 1. In order to avoid the use of a large
excess of the Lewis acid, the conditions reported in entry 9 of
Table 1 were chosen as reference for the study of the reactivity

of different alkynes.
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For the internal alkyl(aryl)alkynes a regioselective hydration (LBA) catalysis [47-50]. Internal alkynes afforded the corre-
occurred, with the only generation of the corresponding aryl ke-  sponding products in good to excellent yields (Table 4, entries
tones, formed after the attack of water to the pseudobenzylic ~ 1-3). In particular, the unsymmetrical alkyl(aryl)alkynes 1b and

position, as observed in Lewis acid-assisted Brgnsted acid 1c showed a higher reactivity compared to diphenylacetylene

Table 4: Hydration of different alkynes catalysed by BF3—EtoO in BMIm-BF42.

R2
BMIm-BF, o o
RI-=——R2 + H,O + BF;- Et,0 2 *
’ P 80 °C R RO ORI
R2
1 2 3
Entry Alkyne BF3Et,OP  Time 2, yield® 3, yield®
t )
1d O - O 3 18h O -
1a 2a, 81%
O
1b 2b, 97%
0]
5 < > —\ s - ©)J\/\/\ ~
1c 2c, 76%
0}
4 <:> — 1 1h ©)\ _
1d 2d, 81%
o 0]
0= /
5 : h O O
1e 2e,61% 3e, 38%
o} 0]
=
6 — 1 1h O O
1f 2f, 43% 3f, 56%
o} 0]
=
7 = ¢
19 29,81% 39, 4%
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Table 4: Hydration of different alkynes catalysed by BF3—Et2O in BMIm-BF42. (continued)

0 o)
I = ® 0
8 O O T 1 1h | X
=
1h 2h, 47% 3h, 43%
0
| —
9 c 1 1h -
cl
1i 2i, 72%
-0
_ _ f 2j, 56%
108 — — -
0 2 1h o o
1j >\—< >—/<
2jj, 22%
0
=
| X
11 i/ 3 18 h -
1k 2k, 79%
N NV
AN
12 E;/\ 2 18h m -
11 21, 62%
0 (0] (6]
: /\
13 C o 5 18 h 0 -
im 2m, 65%
o O O
C'©%< S o™
14 o) 5 18h -
A o NF
1n 2n, 47%

3All the reactions were carried out at 80 °C in BMIm-BF4, kept under vacuum for 16 h before each use, with 0.3 mmol of alkyne 1 and 0.3 mmol of
Ho0; Pequivalents with respect to 1; Cyields calculated from "H NMR spectra of the crude extracts; 9replicate of the experiment reported in entry 9 of
Table 1;©0.6 mmol of HoO were used; fequivalents with respect to one alkyne group of 1j.

(1a), affording the corresponding ketones in high yields after
5h.

Otherwise, terminal alkynes generally showed higher reactivity
compared to internal ones. For all the studied terminal alkynes,
only ketone products (Markovnikov) were obtained, excluding

the formation of the anti-Markovnikov ones. Hydration of

phenylacetylene 1d carried out with 3 equiv of BF3-Et;O for 5 h
gave the aldol condensation product 3d (58%) in addition to
acetophenone 2d with low yield (32%) (see Table S1, Support-
ing Information File 1). Assuming that enone 3d is formed from
acetophenone, catalysed by the excess Lewis acid present, the
reaction was performed in presence of 1 equiv of BF3-Et,O and

a reaction time of 1 h (Table 4, entry 4). In this way, the selec-
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tivity was improved and only the hydration product 2d was ob-
tained in 81% yield.

For electron-rich terminal alkynes, the corresponding ketones
could not be selectively obtained without the aldol condensa-
tion products. Considering 4-methylphenylacetylene (1e), the
reaction carried out with 3 equiv of BF3-Et,O for 5 h gave only
the condensation product 3e (70%, see Table S1, Supporting
Information File 1). Reducing the amount of BF3-Et;0 to
1 equiv and the reaction time to 1 h (Table 4, entry 5) gave a
mixture of ketones 2e and 3e (61% and 38%, respectively).
Even reducing the amount of BF3-Et;O to 0.5 equiv did not
improve the yield of the hydration product (see Table S1, Sup-
porting Information File 1). The presence of a methyl group in
the meta position in 1f decreased the selectivity with respect to
formation of the hydration product 2f, favouring the condensa-
tion product 3f (Table 4, entry 6). On the other hand, an ortho
methyl group in 1g favoured formation of the ketone 2g, with a
good yield, probably due to the steric hindrance of the aldol
condensation (Table 4, entry 7). As expected, based on the
above consideration, 4-ethynyl-1,1'-biphenyl (1h) afforded both
hydration and condensation products 2h and 3h in similar
amounts (Table 4, entry 8), while the presence of a chlorine in
the para position of the phenyl ring allowed to obtain the hydra-
tion product 2i with good yield, reducing its reactivity (Table 4,
entry 9).

With 1,4-diethynylbenzene (1j) both the products of mono (2j)
and bis hydration (2jj) were obtained under all conditions tested
(see Table S1, Supporting Information File 1). The highest
selectivity for the generation of 2j was achieved with 2 equiv of
BF;3-Et,O for 1 h (Table 4, entry 10).

Aliphatic alkyne 1k showed a different reactivity compared to
the other terminal alkynes. Indeed, in this case the correspond-
ing condensation product was never obtained, while the hydra-
tion product 2k was obtained in good yield using 3 equiv of
BF3-Et;O and extending the reaction time to 18 h (Table 4,
entry 11).

The aliphatic alkyne 11 gave the corresponding hydration prod-
uct 21 in good yield with 2 equiv of BF3-Et,O and a reaction
time of 18 h (Table 4, entry 12).

The following step was to study the reactivity of BF3-Et,0 in
BMIm-BF, towards disubstituted alkynes containing a carbon-
yl group adjacent to the triple bond. This class of substrates,
after water addition, yields 1,3-dicarbonyl compounds, which
could yield BF,-chelates under our experimental conditions
[109]. In order to study their behaviour, we decided to avoid

water during an initial work-up, to prevent a possible BF;-
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chelate hydrolysis, and only ethereal extraction was carried out
after the reaction.

When the reaction was carried out on ethyl 3-phenylpropiolate
(1m, Table 4, entry 13), the analysis of the ethereal extracts
showed the presence of the BF,-chelate. In fact, the following
convincing peaks were found in the NMR spectra: a singlet at
6.11 ppm, along with a quartet at 4.68 ppm (\H NMR
spectrum), a peak at 83.3 ppm ('3C NMR spectrum) and a
singlet at —139.1 ppm ('F NMR spectrum) [109]. A simple
washing with distilled water gave the corresponding ethyl
benzoylacetate (2m). Compared to the other studied alkynes,
1m required a larger excess of BF3-Et,O (5 equiv) to give the
corresponding hydration product with a satisfactory yield.
Indeed, this behaviour could be explained by the formation of
the BF,-chelate, which reduces the amount of BF3 available for
catalysis.

A similar behaviour was observed with ethyl 3-(4-chloro-
phenyl)propiolate (1n), although with lower yield due to the
deactivating effect of the chlorine substituent in the para posi-

tion of the phenyl ring (Table 4, entry 14).

Importantly, for the experiments involving the same alkyne (see
Table S1, Supporting Information File 1), the same sample of
BMIm-BF, was effectively reused, up to five times, demon-
strating the advantage of using this IL. as medium for this reac-

tion.

Hydration of alkynes in electrogenerated
BF3/BMIm-BF4 system

Based on previous works, which demonstrated the possibility to
electrogenerate BF3 in tetrafluoroborate ILs [100], and to effi-
ciently use it to carry out different Lewis acid catalysed organic
reactions [101-103], we investigated the applicability of the
electrogenerated BF3/BMIm-BF, system for the hydration reac-
tion of alkynes. The best results for the hydration reaction of
each studied alkyne, catalysed by electrogenerated BF3 in
BMIm-BF,, are summarized in Table 5, while all the experi-
ments carried out are reported in Table S2 in the Supporting
Information File 1.

Regarding internal alkynes, the electrogenerated BF3 (4 F/mol)/
BMIm-BF, system proved to be highly efficient for 1a, 1b and
1c, delivering the corresponding ketones in excellent yields,
which were comparable or better than those achieved using
BF3-Et,O (Table 5, entries 1-3, and Figure 1).

In contrast to earlier results, an interesting behaviour was

observed with the terminal alkynes. Indeed, the terminal

arylalkynes 1d-h afforded the corresponding hydration prod-
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Table 5: Hydration of different alkynes catalysed by electrogenerated BFgz in BMIm-BF4.2

electrogenerated BF3

. O
RI-==—R2 + H,0 i BMim-BF4 R#K/R?
1 80 °C 2
Entry Alkyne Electrogenerated BF3 (F/mol)P Time Product 2, yield®
Q)
1 4 18h O
1a 2a, 85%
o
2 Q% 4 5h
1b 2b, 84%
(¢}
3 : - \ 4 5h E\
Z
1c 2c, 94%
O
4 Q{ 1 1h ©)J\
1d 2d, 78%
0}
5 @E 1 1h /@A
1e 2e, 84%C
0}
1f 2f, 91%
O
7 @f 1 1h (IJ\
1g 29, 78%
o
8 O O = 1 1h O

2h, 94%
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Table 5: Hydration of different alkynes catalysed by electrogenerated BF3 in BMIm-BF4.2 (continued)

| —
9 C
1i
108 }@—:
1j
=
11
1k
©/\\\
12
1l
O
13 : O—\

im

o

18 h
2i, 79%
—(4
2j, 35%
5h 0 o
2jj, 53%
(0]
18 h
2k, 51%
2l, 23%
(6] O
A N
i8h ())‘\)J\O
P
2m, 58%

aBMIm-BF, kept under vacuum for 16 h before each use, was electrolyzed (galvanostatic conditions: 10 mA-cm=2) on platinum electrodes (rt, No) in
divided cell configuration. At the end of electrolysis, alkyne 1 (0.3 mmol) and H>O (0.3 mmol) were added to the anolyte. All the reactions were carried
out at 80 °C for the time reported in table; Pamount of electrogenerated BF3 with respect to starting alkyne, admitting a 100% current efficiency

(1 mF =96.5 C = 1 mmol of BF3); ®yields calculated from H NMR spectra of the crude extracts; 93e, 9%. €0.6 mmol of H,O were used. fthe electroly-
sis was carried out in the presence of the alkyne (0.3 mmol) in the anodic compartment. At the end of electrolysis, HoO (0.3 mmol) was added to the
anolyte, then the reaction was carried out at 80 °C for the time reported in table.

ucts selectively in good to excellent yields by exploiting the
electrogeneration of BF3 in BMIm-BF,4 at 1 F/mol (Table 5,
entries 4-8). It is important to remember that with BF3-Et,O
these alkynes gave mixtures with the corresponding aldol con-
densation products, in some cases in considerable amounts
(Table 4, entries 5, 6, and 8). Reduction in the amount of
BF3-Et,O to 0.5 equiv did not improve the yields of the hydra-
tion products (see Table S1, Supporting Information File 1).

Interestingly, the alkynes le, 1f and 1h, which in the chemical
route provided considerable amounts of the condensation
products and moderate yields for the hydration products,
with the electrochemical route gave the corresponding hydra-
tion products with excellent yields, significantly better com-
pared to those obtained with BF3-Et,O (Table 5, entries 5, 6, 8,

and Figure 1). By exploiting the electrochemical generation of

BF;, the alkynes 1d and 1g gave the corresponding ketones
with similar yields compared to the chemical route (Table 5,
entries 4 and 7, and Figure 1). The alkyne 1i gave the ketone 2i
with a slightly better yield compared to the chemical route,
when increasing the amount of the electrogenerated BF3 to
2 F/mol and the reaction time to 18 h (Table 5, entry 9, and
Figure 1).

The application of the electrochemical conditions to 1,4-
diethynylbenzene (1j) using 2 F/mol selectively afforded ke-
tone 2j after 1 h, after hydration of one alkyne group, in low
yield (39%), with the majority of the starting alkyne being
recovered (46%) (see Table S2, Supporting Information File 1).
Increasing the amount of electrogenerated BF3 by applying
4 F/mol and extending the reaction time (5 h) reversed the

selectivity in favour of the diketone 2jj (Table 5, entry 10),
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M Electrochemical route
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Hydration products
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Figure 1: Comparison of the hydration reactions of different alkynes in BMIm-BF4 catalysed by BF3-Et,O (blue) and by electrogenerated BF3

(orange).

which had not been achieved using BF3-Et,O as a reagent (see
Table 4, entry 10).

For the aliphatic alkyne 1k the hydration product 2k was ob-
tained with moderate yield by exploiting the electrogeneration
of 2 F/mol of BF3 (Table 5
increase in the amount of electrogenerated BF3 did not improve

, entry 11). Unfortunately, an

the yield of the desired product (see Table S2, Supporting Infor-
mation File 1).

By exploiting the electrogeneration of 4 F/mol of BF3, with the
aliphatic alkyne 11 the corresponding hydration product 21 was
obtained with low yield (Table 5, entry 12).

Unfortunately, any attempt to hydrate disubstituted alkynes con-
taining a carbonyl group adjacent to the triple bond (1m, 1n)
with electrogenerated BF3, according to the procedure adopted
for the other alkynes, failed, yielding only starting material.

We then tried to electrogenerate BF3 in BMIm-BF,, directly in
the presence of the alkyne 1m or 1n in the anodic compartment.
Surprisingly, for alkyne 1m this approach has allowed to obtain
the hydration product 2m, with a yield (58%) slightly lower
than that observed in the chemical route (Table 5, entry 13, and
Figure 1). Otherwise, with the alkyne 1n, also in this way, the
hydration product was not obtained. In addition to the different
reactivity, due to the presence or not of chlorine in the para po-
sition of the phenyl group, the different physical state (liquid for

1m vs solid for 1n) and the possible different solubility in
BMIm-BF, at room temperature (according to the electrolysis
conditions) may have affected the results obtained with these
substrates. Further studies will be necessary to clarify the be-
haviour of alkynes containing a carbonyl group adjacent to the
triple bond.

After work-up, the electrolysed IL was placed under vacuum to
eliminate diethyl ether traces and then analysed by NMR to
check for BMIm-F presence, whereas the fluoride ion could
originate from IL decomposition in the presence of water or
from the evolution of electrogenerated F,. However, the
I9F NMR spectrum showed no detectable peak around
—122 ppm, reported in the literature for BMIm-F [110]. The
only difference between IL !°F NMR spectra before and after
electrolysis is a peak at —148.7 ppm (referred to BF, ™ at
—150.6 ppm), possibly due to BF3OH™ or BoF; [111,112] (see
Supporting Information File 1, Figure Sla vs f and b, c). This
last hypothesis is corroborated by the !°F NMR analysis of
BMIm-BF, after anodic oxidation in a divided cell, which
shows a peak at —147.3 ppm (besides the peak at —150.6 due to
BF,") (see Supporting Information File 1, Figure Sle), which is
replaced by a peak at —144.0 ppm (referred to —150.6 ppm for
BF,") when the electrolysis is carried out in an undivided cell
(see Supporting Information File 1, Figure S1d). In this last
case, in fact, the NHC-BF3 adduct is formed between anodi-
cally electrogenerated BF3 and cathodically electrogenerated
NHC [103].
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Evaluation of the current efficiency in the
electrogeneration of BF3 in BMIm-BF4

In order to have an idea of the current efficiency in the
electrogeneration of BF3 in BMIm-BF, (a monoelectronic
process, Scheme 1), we tried to quantitatively capture the elec-
trogenerated BF3 with a tertiary base just at the end of the elec-
trolysis.

BF, BFy + —Fp + e

Scheme 1: Anodic oxidation of tetrafluoroborate anion.

By a comparison between the 3C NMR peaks of the base and
the base-BF3 adduct, we should obtain an approximate current
yield. Our first choice was N,N-diisopropylethylamine
(DIPEA), as the DIPEA-BF; adduct is reported in the literature
and fully characterized by NMR in CDClj [113]. To be consis-
tent with literature data, the BF,~ peak in neat BMIm-BF, was
set at —150.6 ppm in 'F NMR spectrum [112].

We thus carried out the anodic oxidation of pure BMIm-BF,
(divided cell, galvanostatic conditions) and stopped the electrol-
ysis after 60 C (corresponding to 0.6 mmol of electrons). At the
end of the electrolysis, 0.6 mmol of DIPEA were added to
the anolyte and the mixture was kept under stirring at room
temperature for 30 min. Then, the neat anolyte was analysed by
NMR (1°F and 13C). The °F NMR spectrum showed a new
peak at —148.7 ppm and, to our great astonishment, we found
only one set of signals in the '3C NMR spectrum (55.0, 42.8,
17.4, 16.0, 12.2), apart from those of the IL cation (see Support-
ing Information File 1, Figure S2). These signals are quite dif-
ferent from those of DIPEA in CDClj (48.5, 39.1, 20.6, 17.1)
[114] (the '3C NMR spectrum of DIPEA in pure BMIm-BFE} is
not reported), but quite similar to the 13C NMR spectrum of
DIPEA-BFj; adduct in CDCl3 (53.8, 41.6, 19.5, 18.9, 9.9), in-
ducing us to think to have the DIPEA-BF3 adduct in the solu-
tion. To confirm this assumption, we prepared a DIPEA solu-
tion in BMIm-BF to record the !3C NMR spectrum, but unfor-
tunately DIPEA is not soluble enough in BMIm-BF, to obtain a
decent spectrum. Therefore, while confirming the presence of
the adduct, we could not quantify it.

The next choice was DBU (1,8-diazabicyclo[5,4,0]undec-7-
ene). The DBU-BF; adduct is reported to be very stable in
water and in air and not subjected to hydrolysis [115]. The DBU
solubility in BMIm-BF, was confirmed by NMR analysis
(amidine carbon atom at 161.6 ppm in BMIm-BF,, taking as
internal reference the imidazolium C2 at 136.4 ppm) [116]. The
addition of an excess of BF3-Et,0 to the solution of DBU in IL
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shifted the DBU amidine signal to 166.0 ppm, confirming the
rapid formation of the adduct (see Supporting Information
File 1, Figure S5¢). Moreover, a new small peak at —146.1 ppm
appeared in the !°F NMR spectrum [115], in addition to the
peaks at —150.6 ppm (BF4~ signal), at —148.7 ppm (BF;0H™)
and —153.6 ppm (BF3-Et;0) (see Supporting Information File 1,
Figures S3 and S4).

We thus carried out the anodic oxidation of pure BMIm-BFy
(divided cell, galvanostatic conditions) and stopped the electrol-
ysis after 60 C (corresponding to 0.6 mmol of electrons). At the
end of the electrolysis, 0.6 mmol of DBU were added to
the anolyte and the mixture was kept under stirring at room
temperature for 30 min. Then the neat anolyte was analysed by
NMR (!°F and 13C). A peak at 166.0 ppm in the 13C NMR
spectrum appeared and no traces of starting DBU (peak at
161 ppm) were evidenced (see Supporting Information File 1,
Figure S5a, b and d). As regards the !°F NMR spectrum, a
new peak at —148.6 ppm appeared, consistent with the forma-
tion of BoF7~ or with the DBU-BF3 adduct (a direct compari-
son with literature data is not possible in this case, as the NMR
data reported in previous papers were obtained in molecular sol-
vents, while we carried out the experiments in pure ionic liquid)
[115].

To our surprise, the addition of additional DBU to this solution
did not show the signal of DBU in the '3C NMR spectrum
(161 ppm), but increased the 166 ppm peak intensity (due to the
DBU adduct) (see Supporting Information File 1, Figure S5e).
We have no explanation for this behaviour, but the possibility
of the coordination of more than one DBU molecule could be a
hypothesis. In this regard, Hartman and co-workers reported the
formation of BFxDBUy, positively charged adducts (y from 1 to
3) [115]. Although we cannot exclude that the signal is due to
the [DBU-H]*, the 13C NMR of the reaction mixture did not
highlight the presence of the NHC derived from the IL depro-
tonation.

Conclusion

In conclusion, in this work we demonstrated the possibility to
carry out the hydration of alkynes in imidazolium ILs, as alter-
native solvents until now still little explored for this reaction,
employing the Lewis acid BF3 as catalyst. The catalyst was
used both as BF3-Et,O and as BFj directly electrogenerated in
the IL. Among the investigated ILs, BMIm-BF, provided the
best reaction yields and is preferred on the basis of cost. The
results obtained with BF3-EtpO were compared with those
achieved using BF3 electrogenerated in BMIm-BF,, demon-
strating the possibility of employing a less harmful system to
obtain the products of alkyne hydration with analogous or im-

proved yields. On the basis of the results obtained with the
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studied substrates, the electrochemical route would appear to be
more advantageous for the more reactive terminal arylalkynes,

in terms of selectivity and, in some cases, of yield.

The possibility of recycling the ionic liquid for subsequent reac-
tions was successfully demonstrated, confirming the advantage
of using BMIm-BF, as a green solvent for this reaction.

Together, these results demonstrate the promise of BMIm-BF,/
BF;3 (either with electrogenerated BF3 or with BF3-Et;O) as an
efficient and less harmful alternative to expensive metal/ligand
catalysts, while avoiding conventional toxic and volatile sol-
vents commonly used for the hydration of alkynes.

Experimental

General Information

All chemicals were commercial (Fluorochem, Aldrich) and used
without further purification. Ionic liquids (ILs, Iolitec) were
kept under vacuum (7 mbar) under stirring at 40 °C for 16 h
before use. NMR spectra were recorded at ambient temperature
on Bruker Avance spectrometer operating at 400 MHz
(*H NMR) and 100 MHz (13C{!H} NMR) or on a Spinsolve 60
spectrometer operating at 62.5 MHz (\H NMR), 15.7 MHz
(13C{'H} NMR) and 58.8 MHz (\°F NMR) using the solvent as
internal standard. All the NMR spectra of neat IL were
performed on Spinsolve 60 spectrometer. The chemical
shifts (8) are given in ppm relative to TMS. Flash chromatogra-
phy was carried out using silica (Merck; 40-63 um particle

size).

General procedures

General procedure for the hydration of alkynes
catalysed by BF3-Et2O in ILs

In a 10 mL vial, 1 mL of the IL, a magnetic stirring bar and the
amount of alkyne, water and BF3-Et,0 reported in Tables 1, 3,
and 4 were added. The vial was sealed with a screw cap and the
mixture was stirred at 80 °C in an oil bath. After the time indi-
cated in Tables 1, 3, and 4, the mixture was extracted with
diethyl ether (3 x 8 mL). The combined organic phase was
washed with water (3 X 20 mL), dried on Na,SQOy, filtered and
then the solvent was removed under reduced pressure. The
crude was analysed by "H NMR and '3C NMR and then the
products were purified by column chromatography.

General procedure for the electrochemical
generation of BF3 in BMIm-BF4

All the experiments were carried out in a home-made divided
glass cell separated through a porous glass plug; Pt spirals
(apparent area 0.8 cm?) were used as anode and cathode.
2.0 mL of BMIm-BF, and the magnetic stirring bar were put in

the anodic compartment (test tube, 4 = 10.5 cm, d = 1.7 cm),
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and 1.0 mL of the same IL in the cathodic one. Electrolyses
were performed at constant current (/ = 10 mA-cm™2), under
stirring at room temperature, under nitrogen atmosphere, using
an Amel Model 552 potentiostat equipped with an Amel Model
731 integrator. When the desired Coulombs (reported in
Table 5) had passed through the electrolysis cell, the current
was switched off, the cathodic compartment removed and the
amounts of alkyne and water reported in Table 5 were added to
the anolyte. The test tube was sealed with a rubber cap and the
mixture was stirred at 80 °C in an oil bath. After the time indi-
cated in Table 5, the mixture was extracted with diethyl ether
(3 x 8 mL). The combined organic phase was washed with
water (3 x 20 mL), dried on Na,;SOy, filtered and then the sol-
vent was removed under reduced pressure. The crude was
analysed by 'H NMR and '3C NMR and then the products were
purified by column chromatography.

Procedure for the evaluation of the current
efficiency in the electrogeneration of BF3 in
BMIm-BF4

Electrolyses were performed as reported above and stopped
after the passage of 60 C. At the end of the electrolysis the
cathodic compartment was removed and 0.6 mmol of the appro-
priate tertiary amine (DIPEA or DBU) were added to the
anolyte. The mixture was stirred at room temperature under
inert atmosphere (N;) for 30 min. Then the neat IL was
analysed by 13C NMR and !F NMR on Spinsolve 60 spectrom-
eter. For the experiment with DBU, after the analysis of the
sample thus prepared, another aliquot of DBU was added
directly into the NMR test tube (about 0.1 mmol of DBU for
0.5 mL of IL).

The reference DIPEA/BMIm-BF, or DBU/BMIm-BF, solu-
tions were prepared by mixing 0.1 mmol of the appropriate base
with 0.5 mL of BMim-BF,.

Recycling of ILs

The IL sample already used was recycled after the elimination
of diethyl ether and water, by keeping the IL under vacuum
(7 mbar) under stirring at 40 °C for 16 h.

Procedure for the hydration of

diphenylacetylene in dioxane

Water (0.3 mmol) and BF3-Et,O (0.9 mmol) were added to a
solution of diphenylacetylene (1a, 0.3 mmol) in dioxane (2 mL)
in a 5 mL flask. The reaction mixture was stirred at 80 °C in an
oil bath for 18 h. Then, the reaction mixture was diluted with
diethyl ether (20 mL) and washed with water (3 X 20 mL). The
organic phase was dried on NaySQy, filtered and then the sol-
vent was removed under reduced pressure. The crude was
analysed by '"H NMR and '3C NMR.
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Electrochemically generated amidyl radical species produced distinct inter- or intramolecular hydroamination reaction products via

a proton-coupled electron transfer (PCET) mechanism. Cyclic voltammetry (CV) analysis indicated that the chemoselectivity was

derived from the size of the hydrogen bond complex, which consisted of the carbamate substrate and phosphate base, and could be

controlled using 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as an additive. These results provide fundamental insights for the design

of PCET-based redox reaction systems under electrochemical conditions.

Introduction

Proton-coupled electron transfer (PCET) enables the generation
of various radical species under ambient conditions (Figure 1,
top) [1]. In PCET processes, hydrogen bond formation between
weak bases and acidic X—H bonds (X = N, O, C) is a key step,
which is followed by concerted proton- and electron-transfer to
give the corresponding radical species through oxidative X—-H
bond cleavage. One such species is the amidyl radical, which is
broadly synthetically useful as a nitrogen source in hydroamina-
tion reactions and as a hydrogen atom transfer (HAT) reagent
for remote C-H activation [2-8]. Recent advances in

photoredox and electrochemical PCET reactions have signifi-

cantly expanded the substrate scope of amidyl-radical-based
molecular transformations because the harsh acidic and
high-temperature conditions required in the classical

Hofmann-Loffler—Freytag reaction can be avoided [9].

The initial aim of this study was the electrochemical generation
of an amidyl radical as a HAT source for the synthesis of 1’-C
functionalized nucleosides via the generation of an anomeric
radical species from uridine derivative 1 (Figure 1, bottom)
[10]. Although the HAT reaction failed, remarkable inter- and

intramolecular chemoselectivities were observed in the hydro-
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Figure 1: Application of amidyl radical species generated by PCET.

amination reaction. We investigated this phenomenon and
found that complete inter-/intramolecular chemoselectivity
could be achieved by modifying the reaction conditions, despite
the presence of both inter- and intramolecular radical acceptor
moieties. Therefore, we investigated the origin of this selec-

tivity under electrochemical conditions.

Results and Discussion

Anodic oxidation of uridine derivative 1 was performed in a
CH,Cly/BuyNPFg (0.1 M) electrolyte system using a carbon felt
(CF) anode and a Pt cathode in the presence of methyl vinyl ke-
tone (MVK) as a radical acceptor (Table 1). Tetrabutylammoni-
um dibutyl phosphate (phosphate base), which operates as a

discovery of additive effect for inter/ intramolecuar hydroamination

remote C—H activation

0
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cyclized dimer 4

PCET initiator through hydrogen bond formation with the N-H
bond of amide/carbamate [11], was used as an additive. As a
result, N-alkylated product 3 was exclusively obtained,
implying that the expected HAT at the 1’-C position to afford 2
(Table 1, entry 1) had not occurred. In contrast, the reaction
efficiency was significantly decreased in the absence of the
phosphate base (Table 1, entry 2), and electricity is necessary to
proceed the reaction (Table 1, entry 3); thus, the phosphate base
plays a crucial role in N-alkylation, while its basicity is insuffi-
cient to promote aza-Michael addition (pK, of the conjugate
acid of the phosphate base is 1.72 in H,O) [12]. Furthermore,
N-alkylation proceeded in a divided cell (anodic chamber); thus,
the possibility of conjugate addition of a cathodically generated
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Table 1: Electrochemical oxidation of 1 under varying conditions.
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Yield [%]2 Recovered 1 [%]?
57, 49° (3) 17
13 (3) 76
N.R. 92
41 (3) 27
42, 27° (4) 32
10 (3) 51
17 (4) 28

aYield was determined based on TH NMR by using benzaldehyde as an internal standard, and recovery rate of 1 was determined by the integral of

H-1’ proton. Plsolated yield.

carbamate anion was ruled out, prompting us to consider that
N-alkylation proceeded via a radical mechanism. On the other
hand, the addition of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
led to the predominant formation of cyclized dimer 4 without
N-alkylation, whereas the use of AcOH provided N-alkylated
product 3 (Table 1, entries 5 and 6). When acetonitrile (MeCN)
was used as the solvent, cyclized dimer 4 was obtained
(Table 1, entry 7).

Next, 1 was subjected to cyclic voltammetry (CV) measure-
ments under varying conditions (Figure 2). An oxidation wave
was observed at approximately +1.4 V (Figure 2A). The oxida-
tion current of this wave decreased significantly in the presence
of a phosphate base and the subsequent addition of HFIP en-

hanced this phenomenon (Figure 2B, grey line). In contrast,

using AcOH instead of HFIP did not affect the oxidation cur-
rent (Figure 2B, blue line). We considered that the inter- and
intramolecular chemoselectivities were derived from the pK, of

the proton sources.

The pre-organization of the amide substrate and phosphate
bases is an important process in PCET [13]. Recently,
Gschwind et al. published a detailed NMR spectroscopic analy-
sis of a PCET-mediated hydroamination reaction, which indi-
cated that the pK, of the proton source (PhSH or PhOH in the
study) determines the size of the hydrogen bond complex. PhSH
as the more acidic additive (pK, = 6.62 in H,O) provided better
results in the PCET-induced intramolecular hydroamination
reaction compared to the less acidic PhOH (pK, = 9.95 in H;0)
because PhSH supplied free protons (H*) and contributed to the
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Figure 2: (A) Effect of phosphate base on the cyclic voltammogram of 1. (B) Cyclic voltammograms of 1 in the presence of additives (AcOH or HFIP).
(C) Comparison of oxidation potentials of 1 using BusNOAc or BusNCl. (D) Cyclic voltammograms for the cathodic side. All cyclic voltammograms
were recorded in CHoClo/BugNPFg (0.1 M). Sample concentration was 0.01 M. A glassy carbon anode (¢ 3 mm) and Pt cathode (¢ 3 mm) were used.

Scan rate = 100 mV/s.

persistence of small aggregates composed of the amide and
phosphate base [14]. On the other hand, owing to the insuffi-
cient dissociation constant between the proton and phenoxide in
PhOH, the PhOH molecule is included in the hydrogen bond
network along with the tetrabutylammonium cation (BuyN*) to
form a large aggregate. The hydrogen bonding between the
amide and phosphate base in the small aggregates was stronger
than in the large aggregates, which significantly enhanced
amidyl radical generation through the PCET mechanism.

The above studies provided us with valuable insights into the
intriguing electrochemical behavior of 1 (Figure 3). Hydrogen
bond formation between 1 and the phosphate base yielded small
aggregates, the interaction efficiency of which with the elec-
trode surface was lower than that of 1 because the relatively
large hydrodynamic radius of the aggregates decreased the
number of electrode-accessible molecules. This increase in the
hydrodynamic radius resulted in a decrease in the oxidation cur-
rent. In the present study, HFIP (pK, = 9.30 in HyO) [15] is less

acidic than AcOH (pK, = 4.76 in H,O) with a pK, value similar
to that of PhOH, which forms large aggregates under PCET
conditions, as described above. Therefore, analogously, HFIP is
expected to be included in the hydrogen-bonded complex. The
resulting large aggregates further impeded access to the elec-
trode surface, and a further decrease in the oxidation current
was observed in the presence of HFIP (Figure 2B, grey line). In
contrast, the more acidic AcOH supplied free protons, which
enabled the persistence of small aggregates; thus, the current
was not affected by the presence of AcOH (Figure 2B, blue
line). However, in the presence of AcOH, the N-alkylation yield
was low (Table 1, entry 6) owing to the competitive Kolbe oxi-
dation of the cathodically generated acetate anion. In fact, the
oxidation potential of BuyNOAc is lower than that of 1
(Figure 2C, orange line).

A decrease in the oxidation current can be considered as a de-

crease in the diffusion coefficient of the hydrogen bond com-

plex; thus, we attempted to reproduce the CV pattern by compu-

267



(+)-Anode

|

-~

P
————— /Nﬁ O

Ph

Accessible
surface

O O Sole substrate molecules

o

Beilstein J. Org. Chem. 2024, 20, 264-271.

Surface area

Large Small

H-bond complex

O

@

Large H-bond complex

Carbamate (1)

@

OH
— l\
F3C’

o @

CF;

Small Large

Size of

. complex
BuyN

Figure 3: Plausible models illustrating the size effect of the hydrogen bond complex on the interaction efficiency with electrode surfaces.

tational simulation (Figures S1 and S2 in Supporting Informa-
tion File 1) [16]. The results indicated that an excessively small
diffusion coefficient (1/10- or 1/100-fold) is required to repro-
duce a CV pattern similar to that observed experimentally.
Because the reported diffusion coefficient is only twice as small
as that of the sole amide molecule [14], this simulated value is
unrealistic, and we assumed that the diffusion coefficient did
not affect the oxidation current.

In cathodic events, the reduction of CH,Cl, primally occurred
under standard conditions because the reduction wave of the
blank solution appeared at approximately —1.0 V (Figure 2D,
blue line). The resulting cathodically generated chloride ion
(CI") has a lower oxidation potential than 1 (Figure 2C, grey
line); thus, it was subsequently oxidized on the anode to afford

the halonium ion (CI*), which can react with 1 to form unstable

N—-ClI species (B) in situ (Figure 4). Although we cannot detect
the chlorinated intermediate of 1, electrolysis of N-propylcarba-
mate derivative under standard conditions gave the correspond-
ing N—Cl species (C) as an unstable compound. We considered
that this result as direct evidence for the plausibility of the exis-
tence of N—ClI species which driving the minor reaction path-

way.

Further single-electron reduction affords the amidyl radical
[17], which can react with MVK. Because N-alkylation also
proceeded in the absence of a phosphate base but in a low yield
(Table 1, entry 2), it can be concluded that only the N—CI
species contributed to N-alkylation in this case.

Based on the experimental and simulation results, we propose a

plausible mechanism for the inter- and intramolecular hydroam-
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Figure 4: Plausible mechanism for the inter-/intramolecular hydroamination of 1.

ination of 1 (Figure 4). In the N-alkylation reaction, anodic oxi-
dation of a small hydrogen-bonded complex produces amidyl
radical A. The hydrophobic MVK molecule was excluded from
the highly polar environment of this complex, but the resulting

amidyl radical could access MVK because it still had a large
surface area for interaction with the solution interface. As
mentioned above, the amidyl radical can also be generated
through N-CI species B.
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However, the large hydrogen-bond complex, which included
HFIP, prevented amidyl radical access to MVK. In this case,
intramolecular radical trapping by the uracil nucleobase was
preferred, leading to the formation of the cyclized alkyl radical
D. Continuous radical recombination furnished dimer 4.

Conclusion

We observed additive-controlled inter- and intramolecular
chemoselectivity in the hydroamination of 1. Detailed CV
analysis indicated that the size of the hydrogen bond complex
determined the selectivity, and HFIP played a crucial role
in expanding the hydrogen bond network. These results
provide fundamental insights beneficial for the design of
PCET-based redox reaction systems under electrochemical

conditions.

Experimental

General procedure of anodic oxidation
Compound 1 (145 mg, 0.2 mmol), BuyNPF¢ (387 mg, 1 mmol),
CH,Cl; (10 mL), phosphate base (90 mg, 0.2 mmol) and methyl
vinyl ketone (32.7 uL, 0.4 mmol) were added to a test tube,
which was then subjected to a constant electrical current of
5 mA (3 F/mol, 57.9 C) through the CF anode (1 X 1 cm) and
the Pt cathode (1 x 1 cm). The reaction mixture was concen-
trated in vacuo and Et;O (20 mL) was added. The resulting pre-
cipitate was removed by filtration through a short silica gel pad
under reduced pressure. The filtrate was concentrated in vacuo
and the resulting residue was subjected to 'H NMR spectrosco-
py or column chromatography. A divided-cell experiment was
performed using an H-type cell (4G glass filter). Compound 1
(0.2 mmol), BuyNPFg (387 mg, 1 mmol), phosphate base
(90 mg, 0.2 mmol), CH,Cl, (10 mL), and methyl vinyl ketone
(32.7 uL, 0.4 mmol) were added to the anode chamber, and
CH,Cl; (10 mL), and BuyNPFg (387 mg, 1 mmol) were added
to the cathode chamber. The anolyte was transferred to a round-
bottomed flask, and the solvent was removed in vacuo. Et;,0O
(20 mL) was added to the crude mixture, and the resulting pre-
cipitate was removed by filtration through a short silica gel pad
under reduced pressure. The filtrate was concentrated in vacuo
and the resulting residue was subjected to 'H NMR spectrosco-
py or column chromatography.

Supporting Information

Supporting Information File 1

Detailed experimental procedures, CV simulation, copies of
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The radical hydroarylation of alkenes is an efficient strategy for accessing linear alkylarenes with high regioselectivity. Herein, we

report the electroreductive hydroarylation of electron-deficient alkenes and styrene derivatives using (hetero)aryl halides under mild

reaction conditions. Notably, the present hydroarylation proceeded with high efficiency under transition-metal-catalyst-free condi-

tions. The key to success is the use of 1,3-dicyanobenzene as a redox mediator and visible-light irradiation, which effectively

suppresses the formation of simple reduction, i.e., hydrodehalogenation, products to afford the desired products in good to high

yields. Mechanistic investigations proposed that a reductive radical-polar crossover pathway is likely to be involved in this transfor-

mation.

Introduction

Alkene hydroarylation is an attractive method for the construc-
tion of alkylarenes, which serve as versatile building blocks in
organic syntheses. To achieve this transformation with high
efficiency and predictable regioselectivity, numerous efforts
have been made to develop transition-metal-catalyzed reactions
based on a C—H activation strategy [1-4] or the reductive cou-
pling of aryl halides with a hydride donor [5-8]. On the other
hand, aryl radical-involved hydroarylation would be a promis-
ing alternative for the synthesis of alkylarenes with high anti-

Markovnikov selectivity [9,10]. Aryl halides have received in-

creased attention as ideal radical precursors because of their
beneficial features, such as higher chemical stability and wide
commercial availability, compared with other precursors, e.g.,
diazonium salts [11]. Classical approaches toward aryl radical
species from the corresponding halides would involve halogen
abstraction or single-electron reduction processes using chemi-
cal reagents; however, these methods have some drawbacks,
such as reagent toxicity/stability and limited substrate scope
[12-14]. While recent advances in photochemistry have remark-

ably expanded the synthetic utility of (hetero)aryl radicals in
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organic synthesis [15-20], visible-light-mediated alkene hydro-
arylation commonly requires external reductants and/or hydro-
gen atom sources to complete the catalytic cycle [21-25]. Over
the past few decades, electrochemistry has proven to be an envi-
ronmentally benign and convenient approach for accessing
open-shell intermediates through a single-electron transfer
process [26-31]. In particular, electroreductive transformations
have recently received renewed attention from modern synthe-
tic chemists as a safer protocol than conventional methods using
chemical reductants such as metal hydride species [32-36]. In
this context, the electrochemical single-electron reduction of
aryl iodides, bromides, and activated (bearing at least one elec-
tron-withdrawing group) aryl chlorides has been demonstrated
as a useful method to generate aryl radical species under mild
reaction conditions [37]. Although the additional electron
transfer to form the corresponding anions is a highly favorable
pathway due to the more positive reduction potential of radicals
than that of the starting halides [38], employing redox media-
tors enables the generated aryl radicals to participate in radical
arylation reactions by preventing overreduction [39]. While the
metal-catalyst-free radical cyclization of alkene-tethered aryl
halides has been well documented in the literature [40-43], the
efficient intermolecular hydroarylation of alkenes still relies on
the use of transition-metal catalysts, including Pd [44], Ni [45],
and Co [46] (Scheme 1a). The pioneering work by Savéant et
al. demonstrated that electron-deficient (hetero)aromatics acted
as efficient mediators for the metal-catalyst-free electroreduc-
tive hydroarylation of alkenes with some activated chloro-,
bromo-, and iodoarenes, but the use of a Hg pool cathode and/or
liquid NHj3 solvent would be problematic in terms of environ-
mental and practical perspectives (Scheme 1b) [47]. Therefore,
it is desirable to develop an efficient electroreductive protocol
for alkene hydroarylation with a broad substrate scope under
mild reaction conditions. Recently, the groups of Lin and
Lambert [48] and Wickens [49] independently demonstrated
that aryl chlorides with highly negative reduction potentials
engaged in C-X (X = P, Sn, B) and C—C bond formation reac-
tions involving aryl radical species by integrating photochem-
istry and electrochemistry [50-53]. Furthermore, odd-numbered
[n]cumulenes have proven to be effective redox mediators for
electroreductive radical borylation of unactivated aryl chlorides
without visible-light irradiation by the group of Milner [54].
Herein, we report transition-metal-catalyst-free electroreduc-
tive alkene hydroarylation with (hetero)aryl halides using 1,3-
dicyanobenzene as a redox mediator under visible-light irradia-

tion.

Results and Discussion
We began the investigation of the electroreductive hydroaryl-
ation using methyl 4-chlorobenzoate (1a) and methyl acrylate

(2a) as model substrates (Table 1). After extensive efforts to
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(a) transition-metal-catalyzed approach

X . SUR *) ib-tl )

cat. Pd, Co, or Ni
X=1,Br, Cl

G

(b) transition-metal-catalyst-free approach

Mg(+) Fﬁ Pt(-)

redox mediator

lig. NH3
undivided cell

Pt(+) FT] Hg(-)

redox mediator

X+ SR R

9-50 equiv
X=1,Br,Cl R=EWG, Ar

org. solvents
divided cell

(c) this work: electrophotochemical approach

Al(+) iﬁh Pt(-)

X redox mediator R
N
3.5-5 equiv hv, MeCN
X=1,Br,Cl R=EWG,Ar

Scheme 1: Electrochemical hydroarylation of alkenes with aryl halides.

screen the reaction parameters to achieve the desired transfor-
mation with high efficiency, we found that the electroreductive
coupling of 1a with 2a proceeded smoothly to afford 3aa in
82% yield under the conditions using an undivided cell
equipped with Al(+)/Pt(-) electrodes in the presence of H,O
and 5 mol % of 1,3-dicyanobenzene (1,3-DCB) [55] under
visible-light irradiation at O °C (Table 1, entry 1) [56]. Ammo-
nium salts containing other counter anions also afforded 3aa in
slightly lower yields (Table 1, entries 2 and 3). Changing the
sacrificial anode or cathode did not improve the reaction effi-
ciency (Table 1, entries 4-7). The effects of a series of redox
mediators on the reaction outcomes were examined, and none
gave a better reaction outcome than 1,3-DCB (Table 1, entries
8-12). Control experiments revealed that both visible-light irra-
diation and the presence of 1,3-DCB were essential for
achieving the hydroarylation in high efficiency (Table 1, entries
13-16). Furthermore, the different current density conditions
provided the desired product in slightly decreased yields
(Table 1, entries 17 and 18), and this transformation did not

proceed in the absence of electric current (Table 1, entry 19).

With the optimized conditions in hand, the scope of aryl halides
and alkenes was investigated (Scheme 2). The reaction of para-
substituted aryl chlorides bearing pivaloyl and cyano groups
proceeded smoothly to provide the desired coupling products in

good to high yields (3ba, 3ca). Products bearing p-methylsul-
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Table 1: Evaluation of reaction conditions.?

Al(

Beilstein J. Org. Chem. 2024, 20, 1327-1333.

+) ﬁj Pt-)

cl
/©/ + X COMe
MeO,C

1a 2a
(1.0 mmol) (3.5 equiv)

1,3-DCB (5 mol %), H,0 (5 equiv)

Et,NCI (16.7 mM), MeCN (6 mL)
7.5 mA/cm?, 3.5 F/mol, 0 °C
blue LEDs

/@/\/COQME
MeO,C

3aa

standard conditions

entry variation from the standard conditions yield (%)P
1 none 82
2 Et4NBr instead of Et4NCI 72
3 Et4NOTs instead of Et4NCI 76
4 Mg anode 50
5 Zn anode 44
6 Ni cathode 55
7 graphite cathode 50
8 1,2-DCB instead of 1,3-DCB 68
9 1,4-DCB instead of 1,3-DCB 75
10 9,10-DCA instead of 1,3-DCB 69
11 phenanthrene (1 equiv) instead of 1,3-DCB, without blue LEDs 60
12 9,9-diethylfluorene (1 equiv) instead of 1,3-DCB, without blue LEDs 65
13 without blue LEDs 55
14 without 1,3-DCB 46
15 without blue LEDs and 1,3-DCB 64
16 without blue LEDs and 1,3-DCB, 2.5 mA/cm? 63
17 15 mA/cm? 77
18 5 mA/cm? 73
19 without electric current n.r.

aReaction conditions: 1a (1.0 mmol), 2a (3.5 mmol), 1,3-DCB (5 mol %), Et4NCI (0.1 mmol), HoO (5.0 mmol), MeCN (6 mL), Al(+)-Pt(-), 7.5 mA/cmZ,
3.5 F/mol, 0 °C, blue LEDs. PIsolated yield. DCB, dicyanobenzene; DCA, dicyanoanthracene; n.r., no reaction.

fonyl (3da) and m-methoxycarbonyl (3ea) groups were ob-
tained from the corresponding aryl bromides instead of chlo-
rides under otherwise identical reaction conditions. The steric
hindrance of the ortho-substituent did not have a large influ-
ence on the reaction efficiency, affording 3fa in 71% yield.
Some heteroaryl chlorides including triazine, pyrimidine, and
pyridazine skeletons were also effectively coupled with methyl
acrylate to provide the desired products in good yields (3ga—ja).
While unsubstituted chlorobenzene and bromobenzene were
completely inert in this transformation, iodobenzene was suc-
cessfully converted to the corresponding product 3ka under
slightly modified reaction conditions (see Table S1 in Support-
ing Information File 1 for optimization details). Under the
modified conditions, aryl iodides with various electron-donat-
ing groups including a methoxy group were transformed into
the products in good yields (3la—na). 4-(Trifluoro-

methoxy)iodobenzene also well participated in this reaction,

affording 3o0a in 65% yield. Aryl iodides having fluoro and
chloro substituents underwent selective C-I bond cleavage to
provide monoalkylated products 3pa and 3qa, respectively. In
addition to the successful transformations of heteroaryl iodides
with indole or pyridine cores (3ra, 3sa), the electroreductive

synthesis of methaqualone derivatives was also achieved (3ta).

Pleasingly, a series of electron-deficient alkene and styrene de-
rivatives were found to be suitable coupling partners. Aryl chlo-
ride 1a reacted with zert-butyl acrylate (2b) without any diffi-
culty, providing 3ab in a high yield. Methacrylamide (2¢) and
acrylonitrile (2d) were transformed into the corresponding
products in high yields, but with slightly lower Faradaic effi-
ciency (3ac, 3ad). In addition to styrene derivatives bearing
a-substituents and electronically diverse functionalities, indene
and 2-vinylpyridine were all compatible with the present elec-

troreductive hydroarylation (3ae—ak). The reaction of iodo-
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R4 ) 1l P R
X ~__R? 1,3-DCB, H,0 N R
R * - R'G-
= R3 = R3
Et,NCI, MeCN
' blue LEDs
[ scope of aryl halides |
X =ClorBr COoMe
COzMe/©/vCOZMe /@NCOZMe MeOQC\©NC02Me @/VCOQMe
j{ij/v MeO,S
3ba, 82%? 3ca, 61%° 3da, 71% (X = Br) 3ea, 82% (X = Br) 3fa, 71%30:C
(X=Cl) (X'=Cl) 0% (X = Cl) 0% (X = Cl) (X =Cl)
MeO_ N CO,Me N CO,Me X CO,Me X CO,Me
7 ~
Y Z MeS~ N Me” N
OMe 3ga, 60% 3ha, 57% 3ia, 66%? 3ja, 61%
X'=Cl) (X=Cl) (X=Cl) (X=cl
©/\/C02Me /(j/\/COZMe COgMe COZMS COzMe
| IO o O
MeQ™ N7 Me BocHN F4CO
3ka, 75% 3la, 65% 3ma, 75% 3na, 61% 30a, 65%

Me

/(j/\/COZMe CI\©/\/COZMe(i>/\/CO2MeENJ/\/CO2Me©i )
CO,M
Ay 2ne

3pa, 51% 3qa, 50% Boc 3ra, 44% 3sa, 77% 3ta, 54%

[ scope of alkenes |
X=Cl

o)
t-B N Ph Ph
M Ph M
MeO,C MeO,C ®  Meo,c MeO,C MeO,C ©
3ab, 78% 3ac, 79%!¢ 3ad, 82%2 3ae, 79% 3af, 79%
o m el __
roX=1
R _ | | Cl
O X ! CN O
B N
= :
MeO,C MeO,C MeO,C !
3ag, R = H, 76%"° 3aj, 56%P° 3ak, 83%P° . 3kd, 85% 3ki, 73%

3ah, R = OMe, 61%°
3ai, R = Cl, 85%°

Scheme 2: Substrate scope. Reaction conditions for 1 (X = CI, Br): 1 (1.0 mmol), 2 (3.5 mmol), 1,3-DCB (5 mol %), H20 (5.0 mmol), Et4NCI

(0.1 mmol), MeCN (6 mL), Al(+)-Pt(-), 7.5 mA/cm?, 3.5 F/mol, 0 °C, blue LEDs; reaction conditions for 1 (X = I): 1 (1.0 mmol), 2 (5.0 mmol), 1,3-DCB
(50 mol %), HoO (5.0 mmol), Et4NCI (0.1 mmol), MeCN (3 mL), Al(+)-Pt(-), 7.5 mA/cmZ2, 4.5 F/mol, 0 °C, blue LEDs. 24.5 F/mol. P2 (5 equiv). °MeCN
(3 mL). 95 F/mol. 1,3-DCB, 1,3-dicyanobenzene.
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benzene with acrylonitrile and 4-chlorostyrene proceeded
smoothly to afford 3kd and 3ki in 85% and 73% yields, respec-
tively.

In order to demonstrate the scalability of this transformation, a
gram-scale reaction was performed (Scheme 3a). The hydro-
arylation of 2a with 1a was successfully carried out in a simple
glass beaker under the standard reaction conditions, providing
the corresponding product 3aa in 74% yield. Several control ex-
periments were conducted to gain insight into the reaction
mechanism of the electroreductive process. The hydroarylation

(a) gram-scale experiment

Cl
Me0,C e B e
0,
(7.0 mmol)  1,3-DCB (5 mol %)
H,0 (5 equiv
. 20 (Sequiv) A~ COMe
Et,NCI (16.7 mM)
\/COZMG MeCN (42 mL) (Ar = 4-MeO,C-CgHy)
7.5 mA/cm#, 3.5 F/mol
2a 0 °C, blue LEDs 3aa
(3.5 equiv) 74% (1.145 g)

(b) radical-clock experiment

cl
MeO2C A 1P
1a 1,3-DCB (5 mol %) < Ph
397 (]
(1.0 mmol) H,0 (5 equiv)
N

Et,NCI (16.7 mM)

ﬁA MeCN (6 mL) Ph
o, 7.5 mAlcm<, 3.5 F/mol  (Ar = 4-MeO,C-CeH
Ph "0°C blue LEDs 2C-Cefa)

Ph
2] 3al’

(3.5 equiv) 61%

< Ph
A " —_—
Ar” Y'Y Ph Ar
Ph Ph

(c) deuterium-labeling experiment

Cl

VY i
1,3-DCB (5 mol %)
(0.5 mmol) D,0 (5 equiv) Ph
+ > Ar
Et4NCI (16.7 mM) PhHID
th MeCN (6 mL)
7.5 mA/cm<, 3.5 F/mol — A ~
Ph 0 °C, blue LEDs (Ar = 4-MeO2C-CeHa)
2e 3ae-d

(3.5 equiv) 79% (51% D)

Scheme 3: Gram-scale reaction and control experiments.
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of cyclopropane-substituted styrene 2l resulted in the formation
of ring-opening product 3al’, and the simple hydroarylation
product was not observed (Scheme 3b). This result strongly
supported the involvement of radical intermediates in the
present transformation. Next, a deuterium-labeling experiment
was conducted to elucidate the H-source of this reaction
(Scheme 3c). The reaction of 1a and 2e in MeCN with D,O
provided the coupling product with 51% deuterium incorpora-
tion, indicating that carbanion species would be generated in
this reaction and that HyO would serve as a major proton
source. Et4NCI] may also provide protons to form the coupling
product [47]. Taken these results together, the present electrore-
ductive reaction would proceed through a reductive radical-

polar crossover pathway [57].

On the basis of mechanistic investigations and a literature report
[47], a plausible mechanism for this electroreductive hydroaryl-
ation is depicted in Scheme 4. 1,3-DCB (Ep;; = -1.9 V vs SCE
in MeCN) [58] undergoes single-electron reduction at the
cathode to generate the radical anion species (1,3-DCB*"),
which might act as a mediator to produce the radical anion 1°~
through the homogeneous electron transfer in the bulk solution
(representative reduction peak potential: 1a, E, = -1.98 V vs
SCE in MeCN [59]; 1c, Ep =-2.06 V vs SCE in MeCN [47]).
In the case of the reaction with electron-deficient alkenes, e.g.,
methyl acrylate (£, = —2.1 V vs SCE) [60], reduction of
alkenes is one of the competitive processes. Subsequent frag-
mentation of radical anion 1°~ to form aryl radical species A,
which then reacts with alkene 2 to provide alkyl radical species
B. Further single-electron reduction by 1,3-DCB°~ or at the
cathode followed by protonation of B provides hydroarylation
product 3. Meanwhile, the sacrificial anode is oxidized to form
Al cations. Although the exact role of visible-light irradiation in
the electroreductive hydroarylation is unclear, the generation of
photoexcited radical anion species as potential reductants might
be included in the present transformation.

-)

/ 1,3-DCB Ar—X SUR
1 _
. S
1,3-DCB Ar—X] Ar —
1~ A
Hzo + e
Ar/\/R - Ar/\_/R - Ar/\'/R
i 3 c B

Scheme 4: Plausible mechanism.
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Conclusion

In conclusion, we have developed a transition-metal-catalyst-
free electroreductive hydroarylation of alkenes with aryl
halides, including aryl chlorides, by employing 1,3-DCB under
visible-light irradiation. The present transformation proceeded
smoothly in a common organic solvent without transition-metal
catalysts, and hydroarylation products were obtained from a
variety of electron-deficient alkenes and styrene derivatives in
good to high yields. A large-scale reaction was successfully
carried out, highlighting the potential synthetic utility of the
present transformation. The mechanistic study proposed that a
reductive radical-polar crossover pathway would be involved in
the present transformation.

Supporting Information
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The synthesis of protected precursors of cyclic B-1,6-oligoglucosamines from thioglycosides as monomers is performed by electro-

chemical polyglycosylation. The monomer with a 2,3-oxazolidinone protecting group afforded the cyclic disaccharide exclusively.

Cyclic oligosaccharides up to the trisaccharide were obtained using the monomer with a 2-azido-2-deoxy group.

Introduction

Electrochemical polymerization of organic molecules is an im-
portant strategy for the preparation of functional materials, such
as conducting polymers [1-5]. Electrochemical reactions can be
controlled by electric potential or current, electrodes, and elec-
trolytes, which are not available in conventional chemical reac-
tions. Therefore, electrochemical polymerizations can be
utilized for selective synthesis. Cyclic oligosaccharides are an
important class of host molecules, and some natural cyclic
oligosaccharides are produced by enzymatic processes. Howev-
er, the corresponding chemical syntheses are still primitive
[6-10]. Thus, chemical glycosylation has to be improved to be

able to synthesize complex oligosaccharides, including cyclic

oligosaccharides. In this context, electrochemical glycosylation
is an important alternative to conventional chemical glycosyla-
tions because the precise control of reaction time and rate is
possible under electrochemical conditions [11-13]. We have
been interested in the preparation of cyclic oligosaccharides
under electrochemical conditions and electrochemical conver-
sion of linear oligosaccharides of glucosamine into the corre-
sponding cyclic oligosaccharides by intramolecular glycosyla-
tion (Scheme 1a) [14]. One-pot two-step synthesis via electro-
chemical polyglycosylation and intramolecular glycosylation
has also been achieved in order to synthesize unnatural cyclic

oligosaccharides of glucosamine (Scheme 1b) [15]. Here, we

1421


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:tnokami@tottori-u.ac.jp
https://doi.org/10.3762/bjoc.20.124

Beilstein J. Org. Chem. 2024, 20, 1421-1427.

a)
HO anodic AcO OB% NPhth
BnO 0 oxidation o
AcO ° C(+) || Pt(-) glycosylation OAC
PhthN I?_\n% 0 o PhthN7.o OBn
© Phthn/ Bno 0 BusNOTF 0°C 00
n AcO SAr CH,Cl, o
1 PhthN _60 °C BnO NPhiR
AcO n
Ar = 4-FCgHy )
OBn
b) anodic o
OBn oxidation Hoof§ ::M OBn
= L L N
HQ3 Q C(+) || Pt(-) glycosylation isomerization %Aco o o8
0 (0]
/N SAr BusNOTf -40 °C rt %/’3{00 o
0 Ac CH,Cl, 4 o=
3 0°e s Y R sar
Ar = 4-FCgHy o)
)\ NAc
© O
7/ o) OBn
anodic Ie} NAc
oxidation
C(+) || P i
(+) |l Pt(-) glycosylation Ac O o
N
BuNOTf  -40°C )\OOB” /L
CH,Cl,
—40°C 0" N4 oo

Scheme 1: Preparation of cyclic oligoglucosamines a) via intramolecular glycosylation and b) via polyglycosylation and intramolecular glycosylation.

report the direct synthesis of cyclic oligoglucosamines via elec-
trochemical polymerization of thioglycoside monomers that are
derived from glucosamine hydrochloride.

Results and Discussion

Electrochemical polyglycosylation of 2-deoxy-
2-phthalimido-substituted thioglycoside
monomers

We initiated our research with the electrochemical polyglycosy-
lation of monomers 6 with a 2-deoxy-2-phthalimido (PhthN)
group (Table 1). The influence of the anomeric leaving group
was not investigated in this study. However, the p-CICgH4S
(ArS) group was used to avoid the exchange of the anomeric
leaving group [16]. The monomer 6a (R3 = R* = Bz) was
completely consumed with a slight excess of total charge
(Q = 1.05 F/mol). However, 1,6-anhydrosugar 7a (R3=R*=

Bz) was formed as a major product, together with cyclic disac-
charide 8a (R3 = R* = Bz) (Table 1, entry 1). The monosaccha-
ride 6b (R? = Ac, R* = Bn) was also completely consumed
under the same reaction conditions. However, the yield of 1,6-
anhydrosugar 7b (R3 = Ac, R* = Bn) was lower than that of 7a
(Table 1, entry 2). Because no linear oligosaccharides were ob-
tained, we reduced the amount of total charge from 1.05 to
0.525 F/mol (Table 1, entry 3). Linear disaccharide 9b
(R3 = Ac, R* = Bn) and trisaccharide 10b (R? = Ac, R* = Bn)
were obtained in 13% and 6% yield, respectively. The
protecting group R3 of 3-OH was changed from an acetyl to a
benzyl group. However, conversion and yield of linear oligosac-
charides 9c and 10c¢ decreased, and the corresponding cyclic
disaccharide 8¢ was not obtained at all (Table 1, entry 4). The
reasons for the lower conversion and yield are unclear. Howev-
er, the lower yield may stem from the lower stability of glyco-

sylation intermediates with a benzyl protecting group at C-3. In
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Table 1: Electrochemical polyglycosylation of monomers 6 with a 2-PhthN group.

HO anodic oxidation
R40O fe) 0.1 M BuyNOTf
R30 SAr Q (F/mol), 2.0 mA/cm?
PhthN C(+) || Pt glycosylation
6a (R®=R*=Bz)
6b (RS = AC, R4 = Bn) CH2C|2, -60 °C —40 OC, 1h

6¢ (R® = R* = Bn)

Ar = 4-CICgH,

entry RS R* total charge Q
(F/mol)

1 Bz Bz 1.05

2 Ac Bn 1.05

3 Ac Bn 0.525

4 Bn Bn 0.525

3Based on recovered starting material 6a—c.

all cases, the major product was 1,6-anhydrosugar 7, which was
the intramolecular glycosylation product of monomer 6. The

proposed mechanism is shown in Scheme 2. Anodic oxidation

"o o ~0.5 (ArS),
MO o — RO, —
RSO SAr R3O SAr
PhthN PhthN
6 1

Ar = 4-CICgH,

OH

OR;} “oTf
A o)
07 -0 _HOTf OR3
R40O N
4
o R‘0  NPhth
13 7

conversion?@ yield of 7
>99% 7a (73%)
>99% 7b (28%)
67% 7b (25%)
59% 7c (25%)

Scheme 2: Proposed reaction mechanism of the formation of 1,6-anhydrosugar 7.
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R30 -
PhthNo7¢ RO  NPhth
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of thioglycoside 6 generated radical cation 11, which was con-
verted to glycosyl triflate 12. 1,6-Anhydrosugar 7 was pro-
duced via *C-to-'C4 conformational change of the pyran ring
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to generate cation intermediate 13. Therefore, prevention of the
conformational change might be necessary to synthesize larger

cyclic oligosaccharides.

Electrochemical polyglycosylation of 2,3-
oxazolidinone-substituted thioglycoside
monomer

To avoid formation of 1,6-anhydrosugar, we introduced an
N-acetyl-2,3-oxazolidinone protecting group to the thioglyco-
side monomer 14 (Scheme 3) [17,18]. The electrochemical
polyglycosylation of 14 was carried out in the presence of 2,6-
di-tert-butyl-4-methylpyridine (DTBMP) to ensure the forma-
tion of a B-glycosidic bonds [19]. Although we could suppress
formation of 1,6-anhydrosugar 15, cyclic disaccharide 16 was
obtained as an exclusive product. The optimized structure of 15
calculated by DFT (B3LYP/6-31G(d)) suggested that the pyran
ring preferred the boat conformation because the chair confor-
mation of the pyran ring was controlled by the introduction of
the 2,3-oxazolidinone protecting group (see DFT calculations in
Supporting Information File 1). Therefore, it was proven that
the 2,3-oxazolidinone protecting group was powerful enough to
prevent intramolecular glycosylation of monomer 14. However,
it did not prevent intramolecular glycosylation of the linear
disaccharide and promote the formation of larger cyclic oligo-
saccharides.

Electrochemical polyglycosylation of 2-azido-

2-deoxy-substituted thioglycoside monomers

Based on the results shown in Table 1 and Scheme 3, we
changed the substituent in position C-2 of the thioglycoside
monomer from PhthN to azide, which has no neighboring group
effect. Although glycosyl donors with an N3 group in position
C-2 have been used for a-selective glycosylation [20,21], we
have already found that B-selective glycosylation proceeds
using a glycosyl donor with an N3 group under electrochemical
conditions [22]. The results of the electrochemical polyglycosy-
lation using the thioglycoside monomer 17 with an N3 group are

summarized in Table 2. Cyclic trisaccharide 19a was obtained

anodic oxidation
0.1 M BuyNOTf
1.2 F/mol, 2.0 mA/cm?

HO
(0]
Bno(&&/SAr

Beilstein J. Org. Chem. 2024, 20, 1421-1427.

together with cyclic disaccharide 18a, along with trace amount
of linear and cyclic tetrasaccharides by introduction of an N3
group (Table 2, entry 1). Cyclic disaccharide 18b and linear tri-
saccharide 20b were produced with monomer 17b with a 3,4-di-
O-benzyl group (Table 2, entry 2). Although the 3-hydroxy
protecting group R3 also affected the product distribution, for-
mation of the corresponding 1,6-anhydrosugars was not ob-
served in both cases. NMR data suggested that cyclic trisaccha-
ride 19a contained one a-glycosidic bond and two B-glycosidic
bonds. Based on these results, we assumed that the formation of
the a-glycosidic bond was crucial for producing the cyclic tri-
saccharide 19a (Scheme 4). Moreover, the a-glycosidic bond
might have formed in the first step, and linear disaccharide 21a,
which did not afford the cyclic disaccharide, should have been

produced as an intermediate of 19a.

The influence of the functional group in position C-2 on the for-
mation of the cyclic products is summarized in Scheme 5.
Notably, the C-2 position is the most influential because it is the
closest to the anomeric carbon atom, which is the reaction site
of the glycosylation. The PhthN group is known to be a strongly
B-directing group, and 1,6-anhydrosugar 7b was obtained as a
major product (Scheme 5a). In this case, the competition be-
tween intramolecular glycosylation and intermolecular glyco-
sylation (polyglycosylation) occurred, and intramolecular
glycosylation was dominant because of the strong directing
effect of the 2-PhthN group. By introducing a 2,3-oxazolidi-
none group at the C-2 and C-3 positions, the undesired intramo-
lecular glycosylation of monomer 14 was suppressed. However,
the intramolecular glycosylation of the disaccharide intermedi-
ate afforded cyclic disaccharide 16 exclusively (Scheme 5b).
Only the C-2 azido group afforded cyclic trisaccharide 19,
which contained both a- and B-glycosidic linkages (Scheme 5c).
Therefore, the synthesis of a cyclic trisaccharide with only
B-glycosidic linkages by electrochemical polyglycosylation was
not achieved. Further optimizations of the protection group are
required to suppress the formation of 1,6-anhydrosugar and

cyclic disaccharides.

o}
AcN/Z<
0 o

BnO

C(+) || Pt(-) glycosylation 0 \O 5 OBn
N CHyClp, 20 °C 0°C.1h 7 e B =2 g
(e} DTBMP (5 equiv) >]/NAC
14 o
Ar = 4-CICgH
r 64 15 (not detected) 16 (62%)

Scheme 3: Electrochemical polyglycosylation of monomer 14 with a 2,3-oxazolidinone protecting group.
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Table 2: Electrochemical polyglycosylation of monomers 17 with a 2-azido group.

OBn
© + BnAOO o o
c
anodic oxidation Blgg% ° o N3 Ns
HO 0.1 M BuyNOTf o]
BnO 0 1.05 F/mol, 2.0 mA/cm? N3 BnOOAC
R30 SAr C(+) || PtO) glycosylation
N3 18a,b 19a
17a (R® = Ac) CH.Cl,, —60 °C -40°C,1h HO +
3=
17b (R3 = Bn) BNO o
Ar = 4-CICgH,4 R30 o
BnO 0}
N3 R3Ok/o
N;BnO (0]
8 R3o&/SAF
N3
20a,b
entry RS conversion yield of oligosaccharide
18 19 20
1 Ac >99% 18a (49%) 19a (16%) —
2 Bn 73% 18b (14%) — 20b (13%)
N3
HO OAc
Bno%&/ 0" b OBn
AcO N N (0] O
3BnO BnO
r:’-\cO SAr AcO ©
218 Na N3
HO / 18a
BnO 0 HO
ACQ%S/SN oo o Na OAc
N n
3 \ o OBn
Ar = 4-C|06H4 30
o o
c
B'jo\oco SAr
21 Na
¢ BnOOAC
9a

Scheme 4: Proposed reaction mechanism of the formation of cyclic trisaccharide 19a.

Conclusion

We investigated the synthesis of cyclic f-1,6-oligoglu-
cosamines by electrochemical polyglycosylation. The choice of
the protecting group of the monomers was important to prevent
intramolecular glycosylation, which formed 1,6-anhydrosugars
as side products. It was revealed that the formation of cyclic
disaccharides must be controlled to produce cyclic §-1,6-trisac-

charides. Further optimizations of monomers and another syn-

thetic approach using dimers for production of larger cyclic

oligosaccharides are in progress in our laboratory.

Experimental

Electrochemical polyglycosylation (Scheme 3) was performed
using our second-generation automated electrochemical synthe-
sizer equipped with the H-type divided electrolysis cell. Thio-
glycoside 14 (0.40 mmol, 186 mg), BuyNOTf (1.0 mmol,
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b) 2,3-oxazolidinone: moderately R-directing group
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c) N3: weakly B directing group

HO
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Ns N3 OAc
%OB”
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AcO SAr BnO o 4 AcO
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17a N3 BnO OAc
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Scheme 5: Influence of the functional group in position C-2 on the formation of the cyclic product.
393 mg), DTBMP (2.0 mmol, 411 mg), and dry CH,Cl, Acknowledgements

(10 mL) were added to the anodic chamber. Triflic acid
(0.4 mmol, 35 uL) and CH,Cl, (10 mL) were added to the
cathodic chamber. Electrolysis was performed at —20 °C under
constant current conditions until 1.2 F/mol of total charge had
been consumed. Then, the reaction temperature was elevated to
0 °C, and this temperature was kept for 1 h. The reaction was
quenched with Et3N (0.5 mL), and the reaction mixture was dis-
solved in EtOAc and washed with water to remove electrolyte.
It was further washed with aqueous 1 M HCI solution and dried
over NaySQy. Then, the solvent was removed under reduced
pressure, and the crude product (220 mg) was purified with

recycling preparative gel permeation chromatography equipped

with two series-connected JAIGEL-2HH columns (eluent:

CHCl3, flow rate: 7.5 mL/min, recycle numbers: 3) to obtain
pure cyclic oligosaccharide 16 (0.125 mmol, 79.7 mg, 62%).
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We report a practical and sustainable electrophotochemical metal-catalyzed protocol for decarboxylative cyanation of simple ali-

phatic carboxylic acids. This environmentally friendly method features easy availability of substrates, broad functional group

compatibility, and directly converts a diverse range of aliphatic carboxylic acids including primary and tertiary alkyl acids into syn-

thetically versatile alkylnitriles without using chemical oxidants or costly cyanating reagents under mild reaction conditions.

Introduction

Alkylnitriles and their derivatives are widely found in pharma-
ceuticals and biologically active compounds [1-3]. In addition,
within the field of synthetic organic chemistry, nitriles are syn-
thetically useful handles that can be readily converted into a
myriad of functional groups including carbonyls, amines,
imines, and a variety of heterocyclic scaffolds with well-estab-
lished procedures [4-9]. In particular, tertiary nitriles are
common structural motifs in many bioactive compounds and
are widely used as intermediates in organic synthesis for the
construction of all-carbon-substituted quaternary centers
(Figure 1A). However, conventional methods for the synthesis
of tertiary alkylnitriles such as direct functionalization of alkyl-

nitriles [10] and hydrocyanation of alkenes [11-14] are typical-

ly hindered by harsh reaction conditions, which reduces func-
tional group compatibility and product diversity. As such, the
development of practical methods for the preparation of alkyl-
nitriles from readily available starting materials are particularly
valuable in synthetic and medicinal applications [15-18].

Owing to the prevalence of aliphatic carboxylic acids in
biomass and natural products, decarboxylative cyanation repre-
sents one of the most straightforward and attractive approaches
to accessing alkylnitriles [19,20]. As an elegant example,
Barton demonstrated the application of redox-active esters, the
so called "Barton esters", for decarboxylative cyanation of ali-

phatic acids with tosyl cyanide as the nitrile source under
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A) selected alkyl nitriles in pharmaceuticals

MeO
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MeO

verapamil
(antiarrhythmic agent)
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Me Me
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N RN N7
H O \:J
vildagliptin anastrazole
(antidiabetic drug) (breast cancer treatment)

B) previous methods for decarboxylative cyanation of aliphatic carboxylic acids
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o Q 1 TsCN
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Barton ester
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©ix<0 or  TsCN
O
L 0 R=CN &)
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Blue LEDs

benzylic-, a-amino-, and a-oxy carboxylic acids

C) this work: electrophotochemical metal-catalyzed decarboxylative cyanation

o)
2
o

: R=CN
: alkyl nitriles

Figure 1: Decarboxylative cyanation: background and our working hypothesis.

visible light irradiation at room temperature [21,22]. Although
two synthetic steps are required, this is the first practical
decarboxylative cyanation protocol because different types of
aliphatic acids including primary ones could be successfully
employed (Figure 1B, reaction 1). The groups of Waser [23]
and Gonzalez-Gomez [24] reported the direct conversion of ali-
phatic acids to the corresponding alkylnitriles by merging
photoredox catalysis and radical cyanation processes using
cyanobenziodoxolones and tosyl cyanide as the cyanating
reagents, respectively (Figure 1B, reaction 2). Recently, the
Rueping group demonstrated a distinctive use of 4-cyanopyri-
dine as nitrile source for electrochemical decarboxylative

cyanation of amino acids [25]. Although these methods have

provided innovative strategies, substrates in all of these reac-
tion systems are generally limited to benzylic, a-amino-, and
a-oxy aliphatic acids, presumably due to the necessity of stabi-
lized radical intermediates for the following radical cyanation
step.

We and others have recently demonstrated electrophotochem-
ical transition metal catalysis [26-31] as a unique and powerful
synthetic platform for radical decarboxylative functionalization
of aliphatic carboxylic acids [32-37]. In particular, the common-
ly required high activation energy for radical decarboxylation
was provided by anodic oxidation and visible light irradiation of

the Ce species in a sequential fashion [38-45]. Therefore, the
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anodic electrode potential for this process could be substantial-
ly reduced. In doing so, a low working potential at the anode
offers the opportunity for invention of cooperative catalysis
with electrochemical transition metal catalysis, which generally
has mild oxidation potential for the generation of persistent
radicals in the form of nucleophile-bound metal complexes. We
and other groups have successfully applied this reaction design
to enantioselective decarboxylative cyanation of arylacetic acids
[35-37]. Considering the widespread availability of aliphatic
carboxylic acids and the significant synthetic and medicinal
importance of alkylnitriles, we envisioned that the electrophoto-
chemical Ce-catalyzed radical decarboxylation of alkyl
carboxylic acids in combination with electrochemical copper
catalysis might allow rapid access to alkylnitriles in a generic
fashion (Figure 1C). Herein, we disclose the successful imple-
mentation of this strategy and present a mild, practical, and
broadly applicable electrophotochemical metal-catalyzed
protocol for the direct conversion of simple aliphatic carboxylic
acids into alkylnitriles. Notably, this new decarboxylative
cyanation protocol exhibited extraordinary insensitivity to sub-
stitution pattern of alkyl acids, affording the corresponding
alkylnitriles including primary and tertiary alkylnitriles with
good reaction efficiency.

Results and Discussion
Our study of this new electrophotochemical metal-catalyzed

decarboxylative cyanation commenced with the evaluation of

Table 1: Reaction discovery and optimization.2

CeCly (10.0 mol %)

Beilstein J. Org. Chem. 2024, 20, 1497-1503.

various combinations of Ce and Cu catalysts. A simple undi-
vided cell using a carbon felt, inexpensive and practical porous
material as the anode, and a Pt plate as the cathode, was elec-
trolyzed with a cell potential of 2.3 V (corresponding to an
initial anodic potential of 0.10 V versus the ferrocenium ion/
ferrocene redox couple) under the irradiation of 400 nm light-
emitting diodes (LEDs). Through systematic optimization, we
found that the use of readily available CeCl; (10 mol %) and
Cu(OTHf), (5.0 mol %) together with bidentate nitrogen ligands
such as BPhen, Phen, dtbbpy, and bpy with TMSCN as the
cyanating reagent promoted the direct conversion of flur-
biprofen (1) to the desired product (2) in good yields (Table 1,
entries 1 and 2).

Cu ions are well-known to be highly susceptible to electro-
plating on the cathode and thus require the use of ligands to
avoid detrimental cathode deposition during electrolysis
(Table 1, entry 3). In addition, we discovered that the addition-
al use of DMF as co-solvent is beneficial to the reaction effi-
ciency-reactions using acetonitrile as the solvent frequently led
to the observation of Cu deposition at cathode (Table 1, entry
4). We reasoned that DMF could coordinate to the copper
center, acting as a ligand to prevent copper from cathode reduc-
tion. Constant current electrolysis is also applicable to the reac-
tion, the corresponding alkylnitrile product was obtained in
86% yield after electrolysis at 3.0 mA for 4 hours, demon-
strating the high Faradaic efficiency of the reaction (Table 1,

COH  y(0TH), (5.0 mol %), BPhen (6.0 mol %) CN
F Me TMSCN (2.0 equiv), BTMG (0.25 equiv) F Me
B TBABF4 (1.0 equiv), DMF/CH3CN/TFE Bh
1 C(+)/Pt(=), Ecen = 2.3V, 400 nm LEDs, rt, 12 h 2

Entry Variations Yield (%)
1 none 88 (86)°
2 Phen, dtbbpy or bpy instead of BPhen 61-85
3 no BPhen 26
4 CH3CN as solvent 64¢
5 3mAfor4h 86
6 no Ce catalyst 16
7 no Cu/BPhen catalyst <5
8 no light 0
9 no electricity 0
10 [Mes-Acr]ClOy4 instead of Ce 34

aPerformed with 1 (0.2 mmol, 1.0 equiv) in DMF/CH3CN (1:7, 4.0 mL), TFE (2.5 equiv), carbon felt anode, Pt cathode, undivided cell, 400 nm LEDs.
Yields determined by 'H NMR using 1,1,2,2-tetrachloroethane as the internal standard. Plsolated yield. °Due to the solubility issue of CeCls in CH3CN,
Ce(OTf)3 was used instead, see Supporting Information File 1 for more details. BTMG, 2-tert-butyl-1,1,3,3-tetramethylguanidine. BPhen,

bathophenanthroline. Phen, 1,10-phenanthroline, TFE, 2,2,2-trifluoroethanol.
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entry 5) [46]. Control experiments revealed that Ce catalyst, Cu
catalyst, light, and electricity were all essential for the success
of this transformation (Table 1, entries 6-9). We also tested
other photoredox catalysts that are capable of driving the oxida-
tive decarboxylation, only Fukuzumi catalyst [47] was able to
deliver the product with a meaningful yield (Table 1, entry 10).

Beilstein J. Org. Chem. 2024, 20, 1497-1503.

The scope of this transformation was next investigated
(Figure 2). Arylacetic acids with relatively stable benzylic radi-
cals as the corresponding intermediates have been proved to be
suitable substrates to the reaction, providing the desired
decarboxylative cyanation products with generally good yields
(2-18). To show the synthetic potential of this method, we con-

R-COOH + TMSCN

(9 @

TBABF, CH3;CN/DMF/TFE
BTMG, 400 nm LEDs
C(+)IPt(=), Ecen=2.3V, rt

R=CN

B arylacetic acids

CN CN
F
o
Ph Me’

CN CN CN
MeO MeO 7 MeS

2, 86% 3, 86% 4,83% 5, 74%° 6, 68%32°
3.0 mmol scale, 78%
O CN CN CN
A Me = Me R = Br (9), 63% ¢}
| P | pZ CN R =0TBS (10), 76%>P
Ct N R = OMe (11), 80%
7,78% 8, 76%2 R R = Bpin (12), 89%° 13, 84%?2
' N CO,Et T @
CN X 2 CN
® ot o on
% Z Br
Cl
14, 64%3P 15, 60%2 16, 78%2 17, 50% 18, 56%3P
B secondary carboxylic acids
CN
Br
R CN CN
CN BN AN N Me
N |
| CN =
Tos MeO MeO
19, 54% R = Me (20), 60% 22, 51%° 23, 50% 24, 50%
=Ph (21), 56%

B primary and tertiary carboxylic acids

Ph\(\CN

Ph

0]

R = OMe (26), 56%°
R = H (27), 50%2°4

25, 65%°

28, 27%2.cd

Me
CN X
/©/\/\CN ©)J\/\/ B”O/*“cﬂri /E;E CN
R Me Me OW

Me Me

29, 44% 30, 44%

Figure 2: Scope of electrophotochemical decarboxylative cyanation of aliphatic carboxylic acids. All yields are of isolated products. Unless otherwise
noted, reaction conditions were as follows: 0.2 mmol acids, 0.4 mmol TMSCN, CeCl3 (10 mol %), Cu(OTf)2/BPhen (5/6 mol %), 0.05 mmol BTMG,
0.2 mmol TBABF4, 0.5 mmol TFE, 3.5 mL of CH3CN, 0.5 mL of DMF, carbon felt as the anode, Pt as the cathode, under N», in an undivided cell, at
2.3 V cell potential, 400 nm LEDs, for 12 hours. 22,4,6-Collidine (1.0 equiv) was used instead of BTMG. PPhen was used instead of BPhen. °DMF/
CHaCN (1:15 v/v) was used as solvent. 9Reactions were run with 0.4 mmol LiClO,4 instead of TBABF.
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ducted the reaction with ibuprofen on a 3.0 mmol scale and ob-
tained product 3 in 78% isolated yield. More importantly, the
extremely mild reaction conditions imparted by the combina-
tion of electrochemistry and photochemistry made accessible a
broad range of products with functionalities that are susceptible
to oxidative degradation under traditional chemical conditions.
For example, electron-rich arenes (4—6) can be smoothly ob-
tained in synthetically useful yields. Electron-withdrawing
groups at the phenyl ring are also compatible to give the prod-
ucts with good yields (7). Furthermore, the incorporation of
pyridyl groups that are commonly found in pharmaceutically
active compounds are also possible (8). In general, the catalytic
efficiency of this new electrophotochemical protocol was found
to be relatively independent of the electronic properties of the
aryl substituents and the size of the alkyl side chain at the alpha
position of arylacetic acids (9-16). These features offer great
opportunities for the introduction of a wide range of functional
groups, including bromide (9), boron (12), ether (13), nitrile
(14), ester (15), and alkene (16) moieties, which are versatile
functional handles for further elaboration. Notably, tertiary
arylacetic acids can also be well tolerated to yield nitriles with

quaternary carbon centers in good yields (17 and 18).

Simple carboxylic acids without functional groups at the alpha
position to stabilize the corresponding carbon centered radicals
are more challenging substrates. To our delight, both cyclic and
acyclic secondary carboxylic acids performed well in our cata-
lytic system, albeit with slightly reduced reaction efficiency
(19-24). We also attempted simple primary carboxylic acids
and got promising results. As outlined at the bottom of Figure 2,
primary carboxylic acids can deliver the desired products with
good yields in some cases (25-27). However, a large amount of
hydrodecarboxylative products were observed, especially in the
case of 28. To our delight, tertiary carboxylic acids generally
serve as better substrates (29 and 30). In these cases, a carbocat-
ion-involved pathway may be operative to yield the product.
The successful and exclusive observation of product 29, howev-
er, provided a piece of evidence to the objection of this possibil-
ity, as no carbocation-based rearrangement product was ob-

served in our reaction system [48].

To probe the radical intermediate in the reaction, a radical rear-
rangement experiment with cyclopropane-derived acid 31 was
subjected to the standard conditions, leading to the expected
ring opening, alkene-containing nitrile product 32 in 62% iso-
lated yield (Figure 3A). Moreover, experiments using stoichio-
metric Cu(II) and Ce(IV) indicated that the radical decarboxyla-
tive cyanation reaction can only occur under light irradiation. In
contrast, reaction with Ce(IlI) exhibited nearly no reactivity,
demonstrating the crucial roles of anodic oxidation and light ir-

radiation to the transformation (Figure 3B).

Beilstein J. Org. Chem. 2024, 20, 1497-1503.

(A) radical probe experiment

H  Me standard CN
iti Me
. COOH conditions AN
o 62%_yielq
31 (E/Z=3.2:1) 32
(B) experiments with stoichiometric metals
Cu(OTf), (40 mol %),
BPen (48 mol %)
CO-H Ce(OTf)4 (100 mol %), CN
271 TBABF, (1.0 equiv)
F Me _ BTMG (0.25 equiv) Me
TMSCN (2.0 equiv)
Ph MeCN/DMF, rt, 12h 1
(£)-flurbiprofen 2

: 1) no LED irradiation, <5% conversion;

1 2) under LED irradiation, 34% conversion, 22% yield;
i 3) under LED irradiation, Ce(OTf); instead of Ce(OTf)4,:
1 <5% conversion. !

(C) proposed catalytic cycle

N
\Y > (2e”
\_/ I g

_ Ha
RCO,

O
o— RJ\ °
o=( .
R b [N Re
Cu(l)~(CN)
L

-CO,

Cu(l)-CN
L

CN

R=CN

Figure 3: Mechanistic studies and proposed catalytic cycles.

Collectively, our experimental observations are in agreement
with the proposed mechanistic picture detailed in Figure 3C.
The anodically generated Ce(IV) carboxylates are able to
undergo homolytic cleavage of the Ce—O bond upon light irra-
diation. The resulting carboxyl radical would then extrude CO,
to generate the alkyl radical. Concurrently, Cu(II)-CN species
are produced in the presence of cyanide anion through anodic
oxidation. At this stage, Cu(II)-CN species are believed to
capture alkyl radicals and the product would be readily gener-
ated via reductive elimination from the Cu(III) center [49-51].
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Conclusion

In summary, we have developed an efficient and practical
protocol for the synthesis of alkylnitriles directly from readily
available aliphatic carboxylic acids. The reaction proceeds
under mild conditions and exhibits exceptional substrate gener-
ality and functional group compatibility and is applicable to
alkyl acids with all substitution pattern. Due to the wide utility
of alkylnitriles, we expect this method to be widely adopted
within the synthetic and medicinal chemistry communities. The
present work also demonstrated electrophotochemical transi-
tion metal catalysis as a viable and potentially general approach
for reaction discovery and would find broad application in new
synthetic contexts.
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An electrocatalytic hydrogenation of cyanoarenes, nitroarenes, quinolines, and pyridines using a proton-exchange membrane (PEM)

reactor was developed. Cyanoarenes were then reduced to the corresponding benzylamines at room temperature in the presence of

ethyl phosphate. The reduction of nitroarenes proceeded at room temperature, and a variety of anilines were obtained. The quino-

line reduction was efficiently promoted by adding a catalytic amount of p-toluenesulfonic acid (PTSA) or pyridinium p-toluene-

sulfonate (PPTS). Pyridine was also reduced to piperidine in the presence of PTSA.

Introduction

Nitrogen-containing molecules are important bioactive com-
pounds and intermediates in chemical synthesis. Therefore, the
chemical transformations of nitrogen-containing compounds
have been widely studied in the field of organic synthesis [1-4].
For instance, the reduction of cyanoarenes is a straightforward

and powerful method for the synthesis of primary amines [5],

and the reduction of nitroarenes is useful for the synthesis of
aniline derivatives [6-11]. Nitrogen-containing aliphatic hetero-
cycles, such as piperidines and tetrahydroquinolines, are key
motifs in pharmaceuticals, and the reductive syntheses of these
heterocycles from pyridines and quinolines have been well
studied [12]. Although these transformations have been studied
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intensively, such reductive reactions usually require harsh reac-
tion conditions such as high reaction temperatures and high

pressure of hydrogen [13-18].

Meanwhile, electrochemical systems using solid polymer elec-
trolytes (SPEs) have recently attracted significant attention [19].
Among these, proton-exchange membrane (PEM) reactors are
powerful tools for hydrogenation [20-43]. The PEM reactor
included a membrane electrode assembly (MEA) consisting of a
PEM and an electro-catalyst supported on carbon (Figure 1).
Humidified hydrogen gas (H;) or H,O was injected into the
anodic chamber and the substrate passed through the cathodic
chamber. The hydrogen (H,) or H,O were oxidized at the anode
to form protons (H") that moved to the cathodic chamber, and
the protons were reduced to monoatomic hydrogen species
(absorbed hydrogen, H,q). Thus-generated H,q reduced the
substrate passed through the cathodic chamber. MEA elimi-
nates the need for a supporting electrolyte, which is necessary
for conventional organic electrolysis, reduces the environ-
mental impact, and facilitates product purification. In addition,
using nanoparticles in the catalyst layer, which serve as the
electrode, results in a large specific surface area and efficient
reactions. As PEM reactors are flow reactors, they have an
advantage over batch reactors in terms of continuous produc-
tion.

Several reductive transformations taking advantage of the char-
acteristics of the PEM reactor have been reported in recent
years. For example, Atobe et al. reported the electrocatalytic
semihydrogenation of alkynes to form Z-alkenes using a PEM
reactor [31]. The Pd/C catalyst was essential for the reaction.
They recently found that a PEM reactor with a Rh/C catalyst
was effective for the stereoselective reduction of cyclic ketones

[40]. Nagaki et al. reported the electrochemical deuteration of

< Cathode Reaction >
@ + — . Haq

o
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aryl halides [42]. PEM reactors are also gaining industrial atten-
tion. Weber et al. reported a series of large-scale syntheses
using PEM reactors [43].

We studied electrochemical transformations [44-49] and
recently reported the selective reduction of enones using a PEM
reactor [50]. As mentioned above, there have been several
reports on reductive reactions using PEM reactors; however, the
application of PEM reactors for precise chemical transformat-
ions remains limited. To the best of our knowledge, no reports
are available on the efficient reduction of cyanoarenes, quino-
lines, and pyridines using PEM reactors [51,52].

In this context, we have focused on the synthesis of nitrogen-
containing molecules using a PEM reactor. Herein, we report
the application of a PEM reactor for the reduction of
cyanoarenes, nitroarenes, quinolines, and pyridines. These
reductions proceeded smoothly to afford benzylamines,
anilines, tetrahydroquinolines, and piperidines using a PEM
reactor under ambient conditions.

Results and Discussion

Reduction of cyanoarenes to benzylamines

Benzonitrile (1a) was chosen as the model substrate, and the
electroreductive hydrogenation of 1a was performed with a
PEM reactor (Table 1). Humidified hydrogen was used as a
proton source, and 4.0 F mol™! of electricity was passed to a
circulated solution of 1a (for the details, see the Supporting
Information File 1). When Pd/C was used as the cathode cata-
lyst, benzylamine (2a) was not obtained (Table 1, entry 1).
Ru/C, Pt/C, and an alloy catalyst PtRu/C were also ineffective
(Table 1, entries 2—4). Further screening revealed that trace
amounts of 2a were obtained when an alloy catalyst PtPd/C was
used as the cathode catalyst (Table 1, entry 5). Although the

b)

MEA : Membrane Electrode Assembly

! |on exchange

lonomer membrane

Carbon
Gas diffusion

layer Metal catalyst

_J !

(Membrane Electrode Assembly)

Figure 1: Schematic of (a) a PEM reactor and (b) MEA.

-

Catalyst layer

Electrode
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Table 1: Effect of cathode catalyst for the electrochemical reduction of 1a using a PEM reactor@.

(+) PYC || cathode ()

©/CN CH,CI,/EtOH (4:1, 0.5 M) ©ANH2 ©/\N/\©
O ' :

circulated
1a 4.0 F mol-' (1 h 20 min) 2a 3a
entry cathode catalyst 2a (%)° 3a (%)P recovered 1a (%)°
1 Pd/C N.D.c N.D. 100
2 Ru/C N.D. N.D. 100
3 Pt/C N.D. N.D. 100
4 PtRu/C N.D. 4 85
5 PtPd/C 4 18 78
69 PtPd/C 11 7 79
7€ PtPd/C 13 19 65

@Reaction conditions: anode catalyst, Pt/C; 1a, 2.5 mmol; solvent, CHoClo/EtOH (4:1, 0.5 M); flow rate of the solution of 1a, 0.25 mL min-1; flow rate
of Hy gas, 100 mL min~"; reaction temperature, room temperature; current density, 50 mA cm=2. The solution was circulated until the passage of
4.0 F mol~' (1 h 20 min). PArea ratio determined by gas chromatography analysis. °Not detected. 9Performed using HFIP instead of EtOH.

ePerformed using TFE instead of EtOH.

desired compound 2a was obtained using PtPd/C, undesired
dibenzylamine (3a), was obtained as a major product [53]. To
suppress the generation of 3a, we examined the effect of sol-
vent (Table 1, entries 6 and 7). When the reaction was per-
formed in a mixed solvent consisting of CH,Cl, and
1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP), the yield of 2a in-
creased; however, the generation of 3a was not completely
suppressed (Table 1, entry 6). The use of CH;Cl,/2,2,2-tri-
fluoroethanol (TFE) gave similar results (Table 1, entry 7).

A plausible mechanism for the reduction of 1a is shown in
Scheme 1. First, the reduction of 1a afforded phenylmethan-
imine (A). Further reduction of A afforded the desired benzyl-
amine (2a). However, nucleophilic attack of 2a on A, followed
in situ by reduction, proceeded competitively to form dibenzyl-
amine (3a). We considered that by protonating 2a to form

2a-H", its nucleophilic nature could be suppressed, thereby in-
hibiting the formation of 3a.

Based on this hypothesis, we examined the reduction of 1a in
the presence of several acids (Table 2). First, electrochemical
reduction was performed with 0.2 or 1.0 equiv of acetic acid,
but the yield of 3a did not decrease, suggesting that 2a could
not be trapped by acetic acid (pK, = 4.75). To ensure the
capture of 2a, we performed reduction with phosphoric acid
(pK, = 2.12). Although the generation of 3a was suppressed,
only a trace amount of 2a was obtained, and almost 1a was
recovered (Table 2, entry 4). This was probably because the
presence of water inhibited the reaction. Therefore, it was
necessary to perform the reaction under anhydrous conditions.
Hence, we used ethyl phosphate (mono- and di-mixture) (pK, =
1.42), which reacts easily under anhydrous conditions. As ex-

+
CN Ha @NH H, ©/\NH2 H* NH;
2a 2a-H*
1a A //
A, H] o
¥

Scheme 1: Plausible mechanism for the reduction of 1a leading to benzylamine 2a and dibenzylamine 3a.
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Table 2: Electrochemical reduction of 1a in the presence of acids?.

(+) PYC || PtPA/C ()

Beilstein J. Org. Chem. 2024, 20, 1560-1571.

acid
©/CN CH,Cl,/EtOH = 4:1 (0.5 M) ©/\NH2 . ©/\H/\©
circulated
1a 4.0 F mol™" (1 h 20 min) 2a 3a
entry acid (equiv) 2a (%)P 3a (%) recovered 1a (%)°
1 none 4 18 78
2 CH3COOH (0.2) 2 15 82
3 CH3COOH (1.0) 3 22 74
4 HaPO, (1.0) 1 N.D.C 99
5 ethyl phosphated (1.0) 18 trace 82
6 ethyl phosphated (1.0) gsf trace’ 7t

@Reaction conditions: anode catalyst, Pt/C; cathode catalyst, PtPd/C; 1a, 2.5 mmol; solvent, CHoClo/EtOH (4:1, 0.5 M); flow rate of the solution of 1a,
0.25 mL min-1; flow rate of Hy gas, 100 mL min=1; reaction temperature, room temperature; current density, 50 mA cm~2. The solution was circulated
until the passage of 4.0 F mol=! (1 h 20 min). PArea ratio determined by gas chromatography analysis. °Not detected. 9Mono- and di- ester mixture.
€16.0 F mol~' (5 h 20 min). 'GC yield determined by GC analysis using dodecane as an internal standard.

pected, the generation of 3a was suppressed and 2a was selec-
tively obtained (Table 2, entry 5). With the increase of the elec-
tricity to 16.0 F mol~!, 2a was obtained selectively in 88% yield
(Table 2, entry 6).

Next, we examined the scope of the electrochemical reduction
of cyanoarenes under optimal conditions (Scheme 2). The reac-
tions of cyanoarenes bearing electron-donating methyl,
hydroxy, and methoxy groups proceeded smoothly to afford
the corresponding benzylamines 2b-d in moderate-to-good

yields. Electron-withdrawing groups, such as esters, can be
tolerated under these conditions. Unfortunately, the electro-
chemical reduction of 1,4-dicyanobenzene (1f) did not give the
desired product 2f probably due to the oligomerization of the
substrate.

Reduction of nitroarenes to anilines

Next, we reduced nitroarenes using a PEM reactor. First, the
electrocatalyst and solvent were optimized (Table 3). While
6.0 F mol™! of electricity should be required for the reduction of

(+) Pt/C || PtPd/C ()
ethyl phosphate (1.0 equiv)

o AN CN CH,CI,/EtOH (4:1, 0.5 M)
= O
1 circulated

2

16.0 F mol~" (5 h 20 min)

AU s NS As
CHj3 = HO

2a 88%°

2b 87%2

2¢ 60%°

CHy0 - HaN
0

2d 91%?2

2e 67%°

2fN.D.C

Scheme 2: Electrochemical reduction of cyanoarenes under optimal conditions. Reaction conditions: anode catalyst, Pt/C; cathode catalyst, PtPd/C;
1, 2.5 mmol; solvent, CH>Clo/EtOH (4:1); flow rate of the solution of 1, 0.25 mL min~; flow rate of H2 gas, 100 mL min-1; reaction temperature, room
temperature; current density, 50 mA cm=2. The solution was circulated until the passage of 16.0 F mol=" (5 h 20 min). 2Determined by GC analysis
using n-dodecane as an internal standard. bDetermined by TH NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard. °Not detected.
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Table 3: Electrochemical reduction of 4a with several cathode catalysts@.

(+) PYC || cathode ()

NO, CH,Cl, (1.0 M) NH,
y o Ly

4a circulated 5a
2.0 F mol~" (1 h 20 min)
entry cathode catalyst 5a (%)P current efficiency (%)P recovered 4a (%)P
1 Pd/C N.D.¢ — —
2 Ru/C 25 79 65
3 Pt/C 30 (82)d 90 (20)d 76 (N.D.)d
4 Ir/C 6 18 70
5 Rh/C 29 90 59

@Reaction conditions: anode catalyst, Pt/C; 4a, 5 mmol; solvent, CHoClo (1.0 M); flow rate of the solution of 4a, 0.25 mL min-1; flow rate of Hy gas,
100 mL min~; reaction temperature, room temperature; current density, 50 mA cm=2. The solution was circulated until the passage of 2.0 F mol~"

(1 h 20 min). PDetermined by GC using n-dodecane as an internal standard. °Not detected. 9Performed until 4a was consumed using 2.25 mmol of 4a
(7 h, 23.2 F mol").

nitrobenzene (4a) to aniline (5a), the charge for screening was ~ Although 5a was obtained in good yield with Pt/C, the current
set to 2.0 F mol~! for rapid evaluation, and several cathode efficiency was low. We assumed that this was due to the recom-
catalysts were examined. When Pd/C was used as the cathode, bination of Hyg to form hydrogen. To suppress hydrogen gener-
the reaction did not proceed (Table 3, entry 1). The desired ation, we varied the flow rate of the reaction solution (Table 4).
reduction proceeded with Ru/C and 5a was obtained in 79% of = The reaction time was set to 2.5 h (2.25 mmol, 8.3 F mol™!) and
current efficiency (Table 3, entry 2). Pt/C afforded the best the flow rate of the reaction solution was changed from 0.25 to
result (90% current efficiency, Table 3, entry 3). To increase the 1.0 mL min~'. As expected, increasing the flow rate increased
yield, the reaction was carried out until 4a was consumed. After  the current efficiency and yield of 5a. With 0.75 mL min~! of
7 h of electrolysis (23.2 F mol~!), 4a was completely con-  flow rate, 5a was obtained in 88% yield with 62% of current
sumed and 5a was obtained in 82% yield. Although Ir/C was in-  efficiency (Table 4, entry 3). In contrast to the previous report
efficient (Table 3, entry 4), Rh/C was as efficient as Pt/C  on electrocatalytic hydrogenation of nitrobenzene using a PEM
(Table 3, entry 5). As Rh is more expensive than Pt, Pt/C was reactor [21], cyclohexylamine was not observed in each reac-

selected as the best cathode catalyst. tion.

Table 4: Effect of flow rate in the electrochemical reduction of 4a2.

(+) PY/C || Pt/C (-)

NO; CH,Cl, (0.5 M) NH
J ® &

circulated
4a 5a
8.3 F mol-' (2.5 h)
entry flow rate (mL min™) 5a (%)P current efficiency (%) recovered 4a (%)°
1 0.25 75 53 14
2 0.50 78 56 7
3 0.75 88 62 3
4 1.0 88 63 2

@Reaction conditions: anode catalyst, Pt/C; cathode catalyst, Pt/C; 4a, 2.25 mmol; solvent, CHxCl» (0.5 M); flow rate of the solution of 4a,
0.25-1.0 mL min~"; flow rate of H, gas, 100 mL min~"; reaction temperature, room temperature; current density, 50 mA cm~2. The solution was circu-
lated for 2.5 h (8.3 F mol=1). PDetermined by GC analysis using n-dodecane as an internal standard.
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Next, the scope of the nitroarene electro-reduction was explored
(Scheme 3). To obtain products in high yields, the electrolysis
was performed until the substrates were consumed. First,
nitroarenes bearing electron-donating groups were investigated.
Nitroarenes 4b—d bearing methyl groups gave the correspond-
ing anilines Sb—d in 70-76% yield. p-Methoxyaniline (5e) was
obtained in 83% yield. Nitroarenes bearing electron-with-
drawing groups are also useful. Acetyl and cyano groups were

tolerated under the reaction conditions and anilines 5f and 5g

(+) Pt/C || PY/C (-)

Beilstein J. Org. Chem. 2024, 20, 1560-1571.

were obtained in 85% and 81% yields, respectively. 1-Naph-
thylamine, a more m-extended aniline was easily obtained in a
high yield.

Reduction of quinolines to
tetrahydroquinolines

The electrochemical reduction of quinolines was performed
using a PEM reactor. First, several different cathode catalyst

were examined for the reduction of quinoline (6a) (Table 5).

N NO2 CH,Cly (0.5 M) N2
R+~ > R+
= 4
circulated until
4 full conversion 5

5a 5b
82% 70%

/©/NH2 NH
~o

Se 5f
83% 85%

o

5¢c 5d
74% 76%

NH,
NC

59 5h
81% 88%

Scheme 3: Scope of the electrochemical reduction of nitroarenes. Reaction conditions: anode catalyst, Pt/C; cathode catalyst, Pt/C; 4, 2.25 mmol;
solvent, CHxCly (0.5 M); flow rate of the solution of 4, 0.75 mL min~1; flow rate of Hy gas, 100 mL min=1; reaction temperature, room temperature; cur-
rent density, 50 mA cm=2. The solution was circulated until the full conversion of 4. Isolated yield.

Table 5: Electrochemical reduction of 6a with several cathode catalysts@.

(+) Pt/C || cathode (-)

CH,Cl, (0.5 M)

N
[: I /]
N

6a

O

4.0 F mol~" (48 min)

L)

circulated H
7a
entry cathode catalyst 7a (%)P recovered 6a (%)P°
1 Pd/C 5 86
2 Ir/C 3 86
3 Ru/C 4 70
4 Pt/C 3 86
50 Pt/C 96 N.D.d
6° Pt/C N.D. N.D.

@Reaction conditions: anode catalyst, Pt/C; 6a, 1.5 mmol; solvent, CHoCl, (0.5 M); flow rate of the solution of 6a, 0.75 mL min=1; flow rate of H> gas,
100 mL min~"; reaction temperature, room temperature; current density, 50 mA cm~2. The solution was circulated until the passage of 4.0 F mol-"
(48 min). PDetermined by 'H NMR spectroscopy using 1,1,2,2-tetrachloroethane as an internal standard. 50 F mol=1 (1st run). 9Not detected.

€50 F mol~' (2nd run).
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Ho H,
R S e
membrane

Figure 2: Hypothesis of the trap of quinoline on membrane and tetrahydroquinoline and the effect of adding an acid.

Because 4.0 F mol™! of electricity should be required ideally to
reduce quinoline (6a) to 1,2,3,4-tetrahydroquinoline (7a),
4.0 F mol™! of electricity was applied for the reactions. Pd/C,
Ir/C, Ru/C, and Pt/C were used as cathode catalysts, and 3-5%
yields of 7a were obtained by the use of each catalyst (Table 5,
entries 1-4). We chose Pt/C, one of the most common catalysts
used in fuel-cell reactors, and increased the charge to complete
the reaction. With 50 F mol™! of electricity, 6a was completely
consumed and 7a was obtained in 96% yield (Table 5, entry 5).
However, the electrochemical reaction of 6a with reused MEA
did not give 7a, and MEA was torn after electrolysis, probably
because 6a and/or 7a were trapped on the membrane having

(+) PYC || PYC ()
PTSA (0.1 equiv)
CH,Cl, (0.5 M)

) S oy

6a circulated 7a
50 F mol~" (10 h)

100
80
60

188 g5 91 88 93 91 g8 94 39 90

40

Yield (%)

20

1 2 3 4 5 6 7 8 9 10
Number of runs

Figure 3: Recycled use of MEA for the electroreduction of 6a in the
presence of PTSA (0.10 equiv). Reaction conditions: anode catalyst,
Pt/C; cathode catalyst, Pt/C; 6a, 1.5 mmol; solvent, CH>Cl» (0.5 M);
flow rate of the solution of 6a, 0.75 mL min~'; flow rate of Hy gas,

100 mL min~; reaction temperature, room temperature; current densi-
ty, 50 mA cm~2. The solution was circulated until the passage of

50 F mol=" (10 h). The yields were determined by "H NMR analysis
using 1,1,2,2-tetrachloroethane as an internal standard.

sulfonic acids, and the desired electrolysis was disturbed. We
assumed that this could be resolved by adding a strong acid to
liberate 6a and/or 7a from the membrane by the equilibrium
(Figure 2).

Based on this hypothesis, we examined several acids and found
that the addition of a catalytic amount (0.10 equiv) of p-toluene-
sulfonic acid (PTSA) was sufficient (Figure 3). The first run
gave 7a in 88% yield and the second run with the MEA gave 7a
in 85% yield. MEA was reused eight times, and 7a was ob-
tained in high yield in each run. The addition of pyridinium
p-toluenesulfonate (PPTS) was also efficient, and MEA was
repeatedly used to afford 7a in high yield (Figure 4).

(+) Pt/C || PY/C (-)
PPTS (0.1 equiv)
CH,CI, (0.5 M)

O

X
[: ] /l
N
circulated

6a 50 F mol~' (10 h)
100

o0

7a

Yield (%)

40795 94 g5 92 93 94 94

20

1 2 3 4 5 6 7
Number of runs

Figure 4: Recycled use of MEA for the electroreduction of 6a in the
presence of PPTS (0.10 equiv). Reaction conditions: anode catalyst,
Pt/C; cathode catalyst, Pt/C; 6a, 1.5 mmol; solvent, CH>Cl» (0.5 M);
flow rate of the solution of 6a, 0.75 mL min='; flow rate of Hy gas,

100 mL min~; reaction temperature, room temperature; current densi-
ty, 50 mA cm~2 (10 h). The solution was circulated until the passage of
50 F mol=". The yields were determined by H NMR analysis using
1,1,2,2-tetrachloroethane as an internal standard.
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After further tunings, we found that the charge for electro-
reduction of 6a could be reduced to 25 F mol~! when decreas-
ing the current density to 25 mA cm™2, and 7a was obtained in
90% yield (see the Supporting Information File 1). Next, the
substrate scope was examined under optimal conditions
(Scheme 4). Substrates bearing a methyl group afforded the cor-
responding products in high yields (7a-e, 7g, and 7h), except
for 6f which contained a methyl group at the 4-position. The
reaction of 2,3-dimethylquinoline (6i) gave the desired product
7i (cis/trans = 3:1) in 77% yield. Substrates bearing acetyl (6k),
ester (61), and amide (6m) groups were tolerated under these
conditions and selectively afforded the desired products. A sub-
strate with a methoxy group at the 8-position (60) afforded the

Beilstein J. Org. Chem. 2024, 20, 1560-1571.

desired product 70 in high yield. However, 6p and 6q with a
methoxy group at the 6- and 3-position gave only a small
amount of the target product, and 6r with a methoxy group at
the 4-position gave compound 7r’, in which the benzene ring
was hydrogenated. Substrates with chloro groups produced the
dechlorinated products (7t and 7u). Unfortunately, during the
electrolysis of quinolines with cyano (6v), formyl (6w and 6x),
nitro (6y), and amino (6z) groups, the flow path was clogged
probably due to the decomposition of the substrates, and the

desired products were not obtained.

This system can be applied to large-scale syntheses. A similar
yield of 7a was obtained when the reaction was scaled up

(+) PUC || PY/C ()

5 4

PTSA (0.1equiv)
CH,Cl, (0.5 M)

i

R—\| /)—R

7 N~ 2
8 1

6

O

circulated
25 F mol~' (10 h)

/
N
H
7

selseiealenleolenlsntcolent

N

H
7a 7b
90% 89%

90% 85%

7j 7kP 71°

7c 7d Te
87%

T 7

g 7h 7i
2%%+ SM 91%?  85%

85% 77%
(cis/trans = 3:1)

0 (@] O
H H H OMe
p

81% 80% 49% + SM 40%

oM

7md 7n 70
87%

81% 88% 1% + SM 91%

OMe e Cl
OMe X F Cl XN
| +
— -
N N N N N N N N
H H H H H H

79 r Ils 7s
15% + SM 70% not deE_ected 5% 89%
SM 85%

Tt 7u 7a 6a
80% +2a10% not deE_ected 15% 7%
SM 67%

O H
o
O,N HoN
N~ CN N N N N
H H H H H

v w 7x 7y
clogged clogged clogged

clogged

7z°
clogged

Scheme 4: Scope of the electroreduction of 6 in the presence of PTSA (0.10 equiv). Reaction conditions: anode catalyst, Pt/C; cathode catalyst, Pt/C;
6, 1.5 mmol; solvent, CHoCl> (0.5 M); flow rate of the solution of 6, 0.75 mL min~T; flow rate of H> gas, 100 mL min-1; reaction temperature, room tem-
perature; current density, 25 mA cm=2. The solution was circulated until the passage of 25 F mol~" (10 h). Isolated yield. 2Determined by 'H NMR
analysis using 1,1,2,2-tetrachloroethane as an internal standard. 20.125 M. ©0.25 M. 91,4-dioxane/H0 (7:1, 0.25 M).
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(Scheme 5a). The electrolysis of 2.32 g of 6a gave 2.12 g of 7a
(88% yield). Next, we examined the electroreduction of 6a
using an aqueous proton source instead of hydrogen. The use of
DSE® as an anode and H,SO4 aq as an anolyte was effective,
and 7a was obtained in 80% yield (Scheme 5b).

a) large scale synthesis of 7a

(+) Pt/C || PY/C (-)
9@
~
N
circulated 25 F mol™!

PTSA (0.1 equiv)
6a 7a

CH,Cl, (0.5 M)
2.32 g (18 mmol) 212 g (88%)

L)

H

b) electroreduction of 6a with H,SO,4 aq as a proton source

(+) DSE || Pt/C (-)
0 20
~
N N
circulated 25 F mol™!

PTSA (0.1 equiv)
H
6a 7a

CH,CI, (0.5 M)
2 M H,SO,4 as proton source 80%

Scheme 5: a) Large scale synthesis of 7a and b) electoreduction of 6a
using HoSOy4 as a proton source.

Reduction of pyridines to piperidines
As mentioned previously, reduction of pyridines to piperidines
is important for organic synthesis. Therefore, the electroreduc-

Table 6: Electroreduction of pyridine (8a) using a PEM reactor@.

(+) Pt/C || PY/C (-)

Beilstein J. Org. Chem. 2024, 20, 1560-1571.

tion of pyridine (8a) was performed (Table 6). First, the elec-
troreduction of 8a was performed with 0.1 equiv of PTSA, and
1.0 equiv of PTSA was added after electrolysis to determine the
yield by 'H NMR analysis (Table 6, entry 1). The yield of
9a-PTSA (26% yield) was low and 8a-PTSA was obtained as
the major product (60% yield), suggesting that the catalytic
amount of PTSA was not sufficient because it would be com-
pletely trapped with 9a. These results suggest that stoichio-
metric amount of PTSA was required to liberate 8a from the
membrane. As expected, the yield of 9a-PTSA increased upon
increasing the amount of PTSA used for electrolysis (Table 6,
entries 1-4). Electrolysis with 1 equiv of PTSA afforded
9a-PTSA quantitatively (Table 6, entry 4). MEA was used
repeatedly, and the target compound was obtained quantitative-
ly in each run (Table 6, entries 5 and 6). Finally, the reaction
was examined using an aqueous proton source instead of
humidified H, gas. Similar to the reaction of quinoline (6a),
9a-PTSA was obtained in 85% yield (Table 6, entry 7) by the
use of DSE® electrode and 2 M H,SO4 aq as a proton source.

The substrate scope was investigated under the optimized reac-
tion conditions (Scheme 6). Electroreduction of 2-methylpyri-
dine (8b) and 2-ethylpyridine (8¢) afforded the corresponding
2-substituted piperidines 9b and 9¢ in 94% and 93% yields, re-
spectively. The reaction of 3-methylpyridine (8d) gave
3-methylpiperidine (9d) in good yield. In contrast to quinolines,
4-methylpyridine (8e) gave 4-methylpiperidine (9e) in a moder-
ate yield. 4-Phenylpyridine (8f) afforded a small amount of the
target product 9f and 91% of 8f was recovered, probably

PTSA (x equiv) PTSA
X CH,Cl, (0.5M equiv
(j 20 O5M) _ _(equn) O PTSA + 8a-PTSA
—
N O N
circulated H
8a 25 F mol~' (10 h) 9a
entry X (equiv) y (equiv) 9a-PTSA (%)P 8a-PTSA (%)P
1 0.1 26 60
2 0.5 0.5 48 47
3 0.75 0.25 77 23
4 1 quant N.D.¢
5d 1 99 N.D.
6° 1 quant N.D.
7t 1 85 N.D.

@Reaction conditions: anode catalyst, Pt/C; cathode catalyst, Pt/C; 8a, 1.5 mmol; solvent, CHoCl» (0.5 M); flow rate of the solution of 8a,

0.75 mL min~1; flow rate of Hy gas, 100 mL min=1; reaction temperature, room temperature; current density, 25 mA cm~2. The solution was circulated
until the passage of 25 F mol=" (10 h). PDetermined by 'H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard. °Not detected. 92nd
run. ©3rd run. fPerformed with DSE® electrode and 2 M HySO4 aq was used instead of humidified Hy gas.
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(+) PY/C || Pt/C (-)

PTSA (1 equiv)
CH,Cl, (0.5 M)
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R b

G

W O
circulated

25 F mol~" (10 h)

R—(j'PTSA + 8-PTSA

N
H
9

9a 9b 9¢c
93%

quant 94%

Ph
@ L
H H

of 9g
6% +SM91%  45% + SM 52%

(cisltrans = 95:5)

9d 9e
75% + SM 22% 48% + SM 45%

OxNH
o 2

N N

H H

9h? 9i@
91% 85% + SM 10%

Scheme 6: Scope of the electroreduction of 6 in the presence of PTSA (1 equiv). Reaction conditions: anode catalyst, Pt/C; cathode catalyst, Pt/C; 8,
1.5 mmol; solvent, CH,Cly (0.5 M); flow rate of the solution of 8, 0.75 mL min-1; flow rate of Ho gas, 100 mL min~; reaction temperature, room tem-
perature; current density, 25 mA cm=2. The solution was circulated until the passage of 25 F mol~" (10 h). Yields were determined by 'H NMR analy-
sis of PTSA salts using 1,1,2,2-tetrachloroethane as an internal standard. 2Performed in 1,4-dioxane/HoO (7:1), and the yield was determined by

TH NMR analysis using ethylene carbonate as an internal standard.

because of steric hindrance of 8f. 2,6-Disubstituted pyridine
such as 2,6-lutidine (8g) was also applicable and 2,6-
dimethylpiperidine (9g) was obtained in moderate yield. In
contrast to quinolines, pyridines bearing an amide group were
also applicable and amidylpiperidines 9h and 9i were obtained
in high yields.

Conclusion

We established the electrochemical reduction of cyanoarenes,
nitroarenes, quinolines, and pyridines using a PEM reactor. All
the reactions proceeded under ambient conditions, and benzyl-
amines, anilines, 1,2,3,4-tetrahydroquinolines, and piperidines
were obtained. For the electrochemical reduction using a PEM
reactor, the addition of an acid sometimes helped the progress
of the reactions. For instance, the addition of ethyl phosphate is
essential for the electroreduction of cyanoarenes. The genera-
tion of dibenzylamine was suppressed and benzylamines were
obtained efficiently. The PEM system was effective in reducing
nitroarenes. Several functional groups were tolerated under
these conditions, and the nitro group was selectively reduced.
The addition of an acid was also effective in reducing quino-
lines to 1,2,3,4-tetrahydroquinolines. In the presence a catalytic
amount of PTSA, various 1,2,3,4-tetrahydroquinolines were ob-
tained. Although a stoichiometric amount of PTSA was re-

quired, this system was applicable to the reduction of pyridines

to quinolines. An aqueous proton source could also be used in
this system. The fact that the addition of appropriate strength
and amount of acid makes the reaction system more efficient is
a key factor in the reduction of nitrogen-containing compounds
with the PEM-type reactor. The chemoselective reduction of
nitrogen-containing compounds under mild conditions is impor-
tant for organic synthesis, and we believe that the PEM reac-
tion system is a powerful tool that can be applied to a wide
variety of nitrogen-containing compounds.

Supporting Information

Supporting Information File 1
Experimental part.

[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-139-S1.pdf]
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The electrochemical oxidation of polycyclic aromatic phenols (PAPs) has been developed in a microfluidic cell to synthesize poly-

cyclic aromatic quinones (PAQs). Methanol was used as nucleophile to trap the phenoxonium cation formed in the oxidation as an

acetal, that later were hydrolysed to the quinone. Formation of hydrogen gas as the cathode reaction caused challenges in the flow

cell and were overcome by recycling the reaction mixture through the cell at increased flow rate several times. The specific

quinones formed were guided by the position of an initial hydroxy group on the polycyclic aromatic hydrocarbon. An available

para-position in the PAPs gave p-quinones, while hydroxy groups in the 2- or 3-position led to o-quinones. The substrates were
analysed by cyclic voltammetry for estitmation of the HOMO/LUMO energies to shed more light on this transformation. The easy
separation of the supporting electrolyte from the product will allow recycling and makes this a green transformation.

Introduction

Quinones and their derivatives are applied in various fields such
as chemical, environmental, and pharmaceutical industries
[1-4]. Their cyclic diketone structures can easily transform into
intramolecular unsaturated structures, and their distinct physi-

cal properties make them privileged structures in medicinal

chemistry [2]. Benzoquinone and naphthoquinone can exist as
ortho-quinone and para-quinone, with the latter considered
more stable [5]. Additionally, p- and o-quinones are formed in
metabolism of drugs [6] as well as polycyclic aromatic hydro-
carbons (PAHs) by cytochrome P450 (CYP) and other meta-
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bolic enzymes [7,8]. Main metabolic pathways form quinone
isomers of benzo[a]pyrene [8], naphthalene [9,10], and benzene
[11].

Numerous methods for the oxidation of phenols or their deriva-
tives to quinones have been described [12]. Oxidation with
Fremy’s radical (potassium nitrosodisulfonate) [13] or catalytic
systems like methyltrioxorhenium(VII) (MeReO3) [14] and
2-iodobenzenesulfonic acids (IBS)/Oxone® [15] led to either
p-quinones or o-quinones, depending on the substituents in the
para-position to the hydroxy group. Recently, hypervalent
iodine reagents have been explored for the oxidation of poly-
cyclic aromatic phenols (PAPs). Oxidation of 1-naphthol deriv-
atives by bis(trifluoroacetoxy)iodobenzene (BTI) furnished
p-naphthoquinones [16]. Other PAPs follow the same pattern
forming p-quinones or o-quinones when the para-position is
structurally blocked like in 2-naphthol (1a) [17]. Oxidation with
iodoxybenzoic acid (IBX) [17] or stabilised IBX (SIBX) [18]
form o-quinones selectively, even when the p-quinones are
structurally feasible. However, all these methods constitute
toxic hazards and/or produce stoichiometric amounts of waste

products making them less desirable for industrial scale [19].

Electrochemical synthesis methods have a huge potential and
this field is currently undergoing a renaissance [20-24].
Replacing chemical oxidants with electric current reduces waste
production and gives a sustainable and inherently safe alterna-
tive to classical synthesis [25-28]. Electrochemical oxidation
reactions are further used to emulate enzymatic oxidations of
drugs and explore potential metabolites [29-31]. Electrochemi-
cal flow systems provide fast electrosynthesis with low cell
resistance, large electrode area, and good control of the current
[32-34].

Early studies on the electrochemical oxidation of phenols
revealed that the oxidation passes through a phenoxonium ion
and forms acetals in methanol but quinones in the presence of
water [35-37]. However, the reaction is sometimes accompa-
nied by the formation of dimers, which indicates a radical inter-
mediate [36]. Swenton and co-workers [37] established evi-
dence for the phenoxonium ion (Scheme 1), and were further
able to divert the reaction into forming ortho-oxidation due to
steric hindrance (Scheme 2). Cyclic voltammetry studies of the
oxidation of 2-naphthol (1a) into o-quinone 5 revealed that the
oxidation comprises two separate 1-electron oxidations [38].
Electrooxidative dearomatization has proven to be an effective
synthetic tool [39]. However, we have not found examples of
electrochemical oxidation of PAPs applied in synthesis. Here,
we report the synthesis of polycyclic aromatic quinones by
anodic oxidation as a green alternative to our previous synthe-
sis with SIBX [18].

Beilstein J. Org. Chem. 2024, 20, 1746-1757.
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Scheme 1: Formation of phenoxonium cation in the anodic oxidation
of phenol performed under neutral or weakly basic conditions.
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Scheme 2: Anodic oxidation reported by Swenton et al. [37].

Results and Discussion

The electrochemical reactions were performed in the Flux
module of the Syrris automated modular flow system [40]
which provides a controlled geometry with a short distance be-
tween the electrodes, and easily reproduceable conditions. The
electrochemical oxidation of phenols has been performed with
platinum anodes [37,41], and carbon/platinum worked well for
the oxidation of toluene dissolved in methanol with tetraethyl-
ammonium tosylate (Et4NOTs) as a supporting electrolyte
within a flow system [32]. Et4NOTs is highly soluble in these
solvents and can easily be removed by filtration through a pad
of silia gel. Initially, we did a short screening of available elec-
trode materials on the oxidation of commercially available
2-naphthol (1a, Table 1) obtaining the four-electron oxidation
product 1,1-dimethoxynaphthalen-2(1H)-one (2). Best results
were obtained with a carbon/platinum electrode pair, although
stainless steel (SS) could also be used as cathode. The experi-
ments were conducted with a 3:1 mixture of methanol/tetra-
hydrofuran (optimization not shown), where methanol further
served as nucleophile. Some THF was needed to improve the
solubility of some of the substrates. Acidic conditions (Table 1,
entry 5) or methanol/water (Table 1, entry 6) gave a complex

mixture with overoxidized products.

Although the desired oxidation is a 4-electon process, there will
always be some extra current passing the cell that does not con-
tribute to the reaction. Our optimization of the current on
1-chrysenol (3b) is given in Table 2. The reaction mixtures
were introduced via a 10 mL-injection loop into the stream that

was flowing through the Flux cell at a flowrate of 100 pL/min.
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Table 1: Electrode and electrolyte effects on the electrochemical oxidation of 2-naphthol (1a).2

MeO OMe
OH —4e,-2H" o)
2 CH40H O‘ + 2H;
1a 2
Entry Electrolyte Anode/cathode® Solvent® Yield (%)d
1 Et,NOTS cic MeOH/THF 0
2 Et4NOTS C/SS MeQOH/THF 65
3 Et4NOTS SS/C MeQOH/THF 0
4 Et4NOTS C/Pt MeQOH/THF 84
5 Et4NOTS / TsOH C/Pt MeOH/THF n/a®
6 Et4NOTS C/Pt MeOH/H-0 n/a®

aExperiments were conducted at room temperature with 0.01 M of 1a, 0.05 M electrolyte, and 3.6 min residence time. PElectrode materials: C: carbon
filled PPS (polyphenylene sulfide), SS: stainless steel, Pt: platinum. ¢Solvent ratio 3:1 (MeOH/THF) or 9:1 (MeOH/H,0). YIsolated yield. ©€Complex

mixture/over-oxidation.

Table 2: Anodic methoxylation of 1-chrysenol (3b) at different electron equivalents.2

OH O
(D) s | == 1)
0.05 M Et4NOTs H,0O, HCI
MeOH/THF MeO OMe o)
3b 4b
Entry Electrons (F/mol) Current (mA) Yield (%)b
1 1 2 33
2 2 3 31
3 4 6 40
4 6 9 47
5 7 11 42
6 8 13 34

aConducted with 0.01 M substate and 100 pL/min flowrate (residence time 2.25 min). Plsolated yield of chrysen-1,4-dione (4b).

The current was increased from 1 mA to 13 mA to increase the
electron equivalents from 1 F/mol to 8 F/mol at a potential of
1.7-3.0 V. The crudes, after evaporation of the solvents, were
further hydrolysed with a mixture of HCI, acetic acid, and water
to release the quinones before purification. Further experimen-
tal details are given in Supporting Information File 1. The best
result was obtained at 6 F/mol equivalents, giving 47% of
quinone 4b (Table 2, entry 4).

These experiments, where the reaction mixture was passed
through the cell a single time, gave rather low yields. This may

be due to gas bubbles forming at the electrodes, disrupting the

even distribution of electric current and potentially affecting the
reaction [42,43]. When the size of a bubble is comparable to the
width of a microchannel, the bubble tends to remain in the elec-
trochemical cell and inhibits the reaction [44,45]. These gas
slugs have been reported to block the ionic conduction path be-
tween electrodes and reduce the current down to 1/3 to 1/4 of its
original value [43] and increase the activation overpotential of
the cathode reaction [45].

To address these challenges in the single-pass operation, we

directed our efforts toward recirculating the reaction mixture

through the cell several times. This is often necessary to en-
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hance the conversion of the electrochemical oxidation [46,47].
An increased electrolysis time is necessary as the conversion
rate decreases significantly with the decay of the reactant con-
centration [46]. The reaction mixture was kept in a flask under
stirring and pumped through the Flux cell and back to the flask.
The flow rate was increased to 300 uL/min to faster flush out
the evolved hydrogen gas from the cell. The Flux cell was oper-
ated in the galvanostatic mode at 9 mA until the substrate was
consumed as monitored by TLC. Typically, the potential slowly
increased from 1.7 V in the beginning of the experiments to
approximately 2.9 V towards the end without any systematic

Beilstein J. Org. Chem. 2024, 20, 1746-1757.

variation between the compounds. The required residence time
was mainly dependent on the conditions of the cell. It was
building up in consecutive experiments but was reduced again
by cleaning of the electrodes. The experiments collected in
Table 3 and Table 4 typically had residence times between 3
and 7 minutes.

Substrates with the hydroxy group in the 2- or 3-position, i.e.,
1a, 3a, 3¢, and 6a, formed o-dimethoxylated products (Table 3).
The oxidation of 2-naphthol (1a) to quinone acetal 2 by
PhI(OAc), (PIDA) has been reported to provide yields ranging

Table 3: Anodic methoxylation of PAPs followed by hydrolysis in two separate steps.?

Col 5-8 F/mol :
R MeOH/THF St
general procedure A

MeO OMe O

OH
(+)CIPt(-)
el _ constant current HCI, AcOH/H,0 e
IR Jpr e e

rt, 30 min

general procedure B

Entry PAP Quinone acetal® Quinone®
OH MeO OMe (0]
O
| e
1a
2 (84%) 5 (88%)
MeO OMe O
T OOy 908
2 0 9@ 90
3a 7a (72%) 4a (69%)
3 el Ol <oN
MeO OMe O
3c 7b (79%) 4c (96%
MeO OMe
OH
O °
6
a 8a (57%) 9a (90%)
MeO OMe O
: (L )
OH O
(¢}
6b

8b (66%) 9b (93%)

aReactions were carried out with 0.01 M substrate and 0.05 M of Et4NOTs in 3:1 MeOH/THF that was recirculated through the cell with 300 pL/min
flow rate and 9 mA current. Plsolated yields. Isolated yields calculated with the acetals as starting material.
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from 63% [48] to 76% [49], compared to 84% in our electro-
chemical oxidation that afforded 30 mg of 2 after 4 h (Table 3,
entry 1). The dimethoxylated quinones are somewhat labile but
can be purified by rapid silica gel chromatography and stored
for a few weeks. The controlled current and anhydrous condi-
tions helped avoiding overoxidation. The substrates leading to
p-quinones were more prone to overoxidation. The electro-
chemical oxidation of phenanthren-4-ol (6b) provided the
p-dimethoxylated product 8b in 66% yield (87 mg), consuming
8 F/mol over a duration of 12.7 h (Table 3, entry 5). Next,
quinone acetal 8b was hydrolysed to phenanthrene-1,4-dione
(9b) using aq acetic acid and HCI in 93% yield. The hydrolysis
step went smoothly for all acetals. However, the methoxylated
products from electrochemical oxidation of chrysen-1-ol (3b)
and chrysen-6-ol (3d) rapidly hydrolysed to quinones during
purification and could not be isolated. The attempted electro-
chemical oxidation of naphthalene-1-ol (1b) was unsuccessful;
only small traces of multiple products were formed.

Beilstein J. Org. Chem. 2024, 20, 1746-1757.

The lability of the acetals prompted us to submit the crude inter-
mediate directly to hydrolysis without prior isolation (Table 4).
As mentioned above, having an aqueous reaction mixture in the
electrochemical oxidation will give reduced yields. The overall
yield of 9b from 6b while isolating the acetal in between steps
(Table 3, entry 5) was 57%, whereas the direct hydrolysis of the
crude provided an increased yield of 74% (Table 4, entry 7).
Further, chrysene-1,4-dione (4b) and chrysene-5,6-dione (4d)
were obtainable this way (Table 4, entries 3 and 5), while 1b
continued to be overoxidized and provided only traces of
multiple products. Some overoxidation of 4d was observed as
12-methoxychrysene-5,6-dione (10), but the alternative product
chrysene-6,12-dione was not formed. In contrast to the ortho-
selective oxidations of PAPs with SIBX [18], the electrochemi-
cal oxidation forms the p-quinones when possible. However, the
o-quinones are formed in good yields from substrates where the
para-position of the phenol is part of the further polycyclic
aromatic skeleton. The products could be separated from the

Table 4: Synthesis of o- and p-quinones without isolation of the acetal intermediate.?

OH 1) (+)CIPt(-) 0

P constant current D

) MeOH/THF ;

v ,:l\ i 2) HC } 1 0
T AcOH/H,0

general procedure C

Entry PAP
OH
1
1a

Quinoneb

o

oy
5 (65%)
0

o

4a (63%)

4b (65%)

B ©
7 o]

4c (58%)

o
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Table 4: Synthesis of o- and p-quinones without isolation of the acetal intermediate.?

OH
3d
Ly
; ®
6a
7 9@
OH
6b
8 ! ‘ OH

Beilstein J. Org. Chem. 2024, 20, 1746-1757.

(continued)

0
ad (72%

o

9a (49%)

o

9b (74%)

9c (81%)

@)

2Reactions were carried out between 1.7 to 2.9 V with 0.01 M substrate and 0.05 M of Et4NOTs in 3:1 MeOH/THF that was recirculated through the
cell with 300 pL/min flow rate and 9 mA current. Plsolated yields. ©The further oxidized compound 10 (12-methoxychrysene-5,6-dione) was also isolat-

ed in 22% yield.

supporting electrolyte by dispersing the solids in ethyl acetate

after removal of solvents from the reaction mixture. Thus,

Et4NOTs can easily be recycled and reused for a greener reac-
tion.

Voltammetric studies

To investigate their redox behaviour, PAPs 1a,b (Figure 1A),

3a—c (Figure 1C), and 6a—c (Figure 1E) were scanned between
+2.2 V and —1.5 V. All compounds showed irreversible oxida-
tion processes within the oxidative potential window, scaling
from 0.79 V to 1.10 V vs Fe/Fe*
difference between isomers of chrysenols 3 and phenanthrols 6

. The oxidation peak potential

was 20-310 mV. No reduction peaks were observed in the

reverse scan in solutions of neither chrysenols nor phenanthrols,

suggesting a chemically irreversible reaction of the radical
cation intermediate with the ensuing product no longer being
electrochemically active within the potential window of the CV
scans. However, a reduction peak was observed for compound
1b (see Figure S2 in Supporting Information File 1). Naphtha-
lene-1-ol (1b) gave a well-defined oxidation peak at 0.95 V (vs
Fe/Fe™) while naphthalene-2-ol (1a) showed an oxidation peak
at 1.14 V (vs Fe/Fe"). The oxidation peak potential difference
between 1b and 1a was 190 mV.

PAHs undergo rapid irreversible chemical reactions upon elec-
tron transfer [50]. Unsubstituted PAHs display multielectron
oxidation, but one-electron waves occur with electron-donating
substituents in suitable positions. Panizza et al. [38] observed
two one-electron oxidations in their cyclic voltammetry studies
of 1a in water and proposed the formation of a naphthyloxy
radical and a naphthyloxy cation leading to the formation of 5.
Our CV studies exhibit oxidation peaks, which seem in line
with what to expect for an electrochemical oxidation of PAPs.

Through the cyclic voltammetry experiments for the investiga-
tion of the redox behavior of the PAPs, an estimation of their
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) energy levels can be derived
via the oxidation onset potentials as shown in the literature [51].
The electrochemical properties of all products are summarized
in Table 5. Individual CVs, with onset potentials indicated, are
given in Supporting Information File 1. The optical properties
of the PAPs were investigated by UV—vis absorption spectros-
copy in 107> M solutions in CH,Cly, as depicted in Figure 1.
The UV-vis spectra of these compounds exhibited strong
absorption in the region of 250-370 nm. These absorption
bands are associated with 1—* and n—m* electronic transitions.
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Figure 1: Cyclic voltammograms of PAPs first scan at 0.1 V/s in 0.1 M [NBuy] [PFg] in MeCN and UV-vis spectra of PAPs in DCM (=102 M).

A, B: naphthols 1a,b. C, D: chrysenols 3a—c. E, F: phenanthrols 6a—c.

The optical bandgap (Eg op) values of the compounds deter-
mined from the absorption edge of the solution spectra are also
summarized in Table 5. Although both HOMO and LUMO
slightly vary between the compounds, the energy differences

are quite the same for all compounds.

The oxidation is initiated by an electron transfer from the sub-
strate where the substrate will loose an electron more easily
[42], and the free electron pairs of the hydroxy group are
usually more difficult to ionize than m-electrons of the aromatic
systems [52]. Studies by Swenton’s [41,53] and Barba’s [54]
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Table 5: Electrochemical properties of PAPs.

Compound Amax? (nm) Ep1\V onset-ox E g-opt (eV)° ELumo (eV)° Eromo (eV)?
1a 231 0.87 3.66 -2.31 -5.97
1b 233 0.75 3.76 -2.09 -5.85
3a 271 0.74 3.30 -2.54 -5.84
3b 272 0.57 3.29 -2.38 -5.67
3c 274 0.64 3.28 -2.46 -5.74
6a 252 0.76 3.43 -2.43 -5.86
6b 250 0.70 3.42 -2.38 -5.80
6¢c 254 0.75 3.41 -2.44 -5.85

aAbsorption maxima measured in DCM solutions at room temperature. PThe optical gap (Eg-opt) Was calculated from the onset point of the absorption
spectra: Eg.qpt = 1240/Agnset. °(HOMO energy calculated from the oxidation potential: Epomo = —(Vonset-ox + 5.1) eV. dLUMO energy calculated from
the difference between HOMO and optical gap (Eg-opt)-

groups have established that a phenoxonium ion is formed, oxidation is proposed in Scheme 3. After two single-electron
which is supported by further studies [37,39]. Based on this transfers [38], a cation is formed with two resonance structures
prior knowledge and our results, a mechanism for the anodic  (not counting further movement into the other aromatic rings

OH OH 0 0
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o ‘\O|/ OH
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Scheme 3: Proposed mechanism for the formation of p-dimethoxy acetals in the anodic oxidation of 1b and 3b.
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destroying the aromaticity of one more ring). Resonance struc-
ture A has the cation in a benzylic position and will be the
preferred site for nucleophilic attack of methanol compared to
resonance structure B, which is further destabilized by the
neighbouring ketone. A similar resonance hybrid will be formed
for molecules substituted in the 4-position, like 6b, explaining
the selectivity towards p-quinones. Abstraction of a proton
rearomatizes the molecule before another cation is formed in
the following two one-electron oxidations. The abstracted

protons are reduced to hydrogen gas at the cathode.

The formation of o-dimethoxy acetals and thus o-quinones can
be considered through Clar’s aromatic sextet rules [55]. PAHs
with more isolated and localized aromatic sextets are kineti-
cally more stable than isomers with fewer aromatic m-sextets
[56,57]. The relevant resonance structures of the phenoxonium
ion of 3a, and the Clar sextets of potential products are illus-
trated in Figure 2. The actual product, 7a, has two isolated Clar
sextets and should be favoured over the alternatives formed
through cations B and C which have only one Clar sextet with

two alternative positions.

Conclusion

The electrochemical oxidation of polycyclic aromatic phenols
to quinones represents a green alternative to chemical oxidants.
Hydrogen gas evolution can be handled by recycling of the
reaction mixture through the electrochemical flow cell to
achieve high yields. Better yields are obtained with C/Pt elec-
trode pair and methanol in the absence of water during the oxi-
dation. The position of the hydroxy group controls the position
of the quinone acetal to form a single product. p-Quinones are

formed when the para-position to the hydroxy group is avail-

Beilstein J. Org. Chem. 2024, 20, 1746-1757.

able for oxidation, while o-quinones are formed when the para-
position is part of the conserved polyaromatic skeleton. All
results are in accordance with an oxidation mechanism going

through a phenoxonium cation.

Experimental

The substrates 1a,b and 6a,b were obtained from our previous
work [18]. Substrates 3a—c and 6c were synthesised by photo-
chemical cyclisation of stilbenes [58], while 3d was prepared
according to literature [59]. The substrates were oxidized under
galvanic (constant current) conditions in a Syrris Asia flow
system with a 225 pL electrochemical flow cell equipped with a
platinum-coated cathode and a carbon-filled PPS (polypheny-
lene sulfide) micro-channel anode separated by a poly-
etheretherketone (PEEK) gasket [40]. Further experimental
details and characterization of new compounds are given in

Supporting Information File 1.

General procedure A: anodic oxidation with
recirculating reaction solution

The reaction solution of 0.01 M PAPs and 0.05 M Et4NOTs
was prepared by dissolving the chemicals in 3:1 MeOH/THF
(10 mL). The reaction solution was circulated from a continu-
ously stirred flask fitted with a slit septum, to the syringe pump,
through the Flux cell, and back at 300 pL/min flow rate. The
target current was set at 9 mA and when the voltage exceeded
3.2 V, the reaction would be stopped to avoid over-oxidation.
The reaction was monitored by TLC until the substrate was con-
sumed. After completed reaction, the system was flushed with
methanol to collect all reaction mixture. The solvents were
evaporated under reduced pressure, and the crude purified by

column chromatography to isolate the product.

_ MeO OMe

O QT

7a

“ i
X
P>

(0]
Lo
=y o

e

Figure 2: Resonance structures of the phenoxonium cation formed from 2-chrysenol (3a).
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General procedure B: hydrolysis of acetals

To a solution of the quinone acetal (0.15 mmol) in acetic acid
(4 mL) were added 2 drops of conc. HCI and 3-4 drops of
water. The mixture was stirred at room temperature for 0.5 h
and poured into ice water (5 mL). The precipitated quinone was
filtered off, thoroughly washed with water, and dried under
vacuum to yield the pure product.

General procedure C: combined

electrochemical oxidation and hydrolysis
Following general procedure A, the reaction solution with
the PAP was recirculated at 300 uL/min flow rate through
the Flux Cell with 9 mA electrical current until the
substrate was consumed. Solvents were removed under
reduced pressure and the crude dispersed in ethyl acetate
(3 x 3 mL) and filtered to remove the electrolyte. The filtrate
was concentrated under reduced pressure and the crude dis-
solved in acetic acid (3 mL) before hydrolysis according to
general procedure B.

Voltammetric studies

Voltammetric experiments were carried out using a Princeton
Applied Research versaSTAT 3 potentiostat, connected to a
three-electrode setup using Pt wires as working and pseudo
reference electrodes and Pt mesh as counter electrode. The ex-
perimental conditions for the cyclic voltammetry (CV) scans
were kept constant at 0.1 V/s. Voltammetric studies were con-
ducted in 0.1 M tetrabutylammonium hexafluorophosphate
([NBuy] [PFg)) solution in acetonitrile. The solvent was dried
and degassed using N prior to each experiment. All experi-
ments were conducted at room temperature. All redox poten-
tials were calibrated against ferrocene/ferrocenium (Fc/Fc*)

redox couple.

Supporting Information

Supporting Information File 1

Detailed experimental procedures and characterization data
of new molecules together with individual cyclic
voltagrams with onset potentials.

[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-153-S1.pdf]
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Electrochemical or photochemical single-electron oxidation of bench-stable substrates can generate radical cations that offer unique

reactivities as intermediates in various bond-formation processes. Such intermediates can potentially take part in both radical and

ionic bond formation; however, the mechanisms involved are complicated and not fully understood. Herein, we report electrochem-

ical radical cation aza-Wacker cyclizations under acidic conditions, which are expected to proceed via radical cations generated by

single-electron oxidation of alkenes.

Introduction

Activating bench-stable substrates is the first step to driving
bond formation and/or cleavage. Therefore, the discovery of
new modes for activation leads to reaction advancements. Elec-
trochemical [1-5] and photochemical [6-10] reactions that in-
duce single-electron reduction and oxidation are widely used in
modern synthetic organic chemistry [11-15]. Single-electron
oxidation of bench-stable substrates can generate radical cations
that offer unique reactivities as intermediates for various bond-
formation processes (also true for reduction). Because the reac-
tivities of radicals and ions are fundamentally different, their
creative use may pave the way for complementary bond forma-
tion. This merging is unique and such intermediates could

potentially take part in both radical and ionic bond formation.

However, the mechanisms involved can be complicated and are

not fully understood.

Alkenes and styrenes are representative radical cation precur-
sors that are widely used to realize the formation of unique
bonds. The respective radical cations are trapped by various
nucleophiles under radical and/or ion control, where kinetic
and/or thermodynamic effects are expected to be dominant.
Typical examples that clearly show the difference in such reac-
tivities are intramolecular cyclizations (Scheme 1). A radical
cyclization generates a five-membered ring with a less-stable
primary radical, while a six-membered ring with a secondary

cation is obtained through ionic cyclization. When such intra-
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molecular cyclizations are expected to proceed via radical
cations, there are several interpretations of the mechanisms

involved, since radical and ionic cyclizations are both possible.

radical cyclization

kinetic
ionic cyclization +
—_—_—7

thermodynamic

Scheme 1: Radical and ionic intramolecular cyclizations.

In this context, electrochemical and photochemical aza-Wacker
cyclizations have provided interesting models for mechanistic
discussion (Scheme 2). For example, Moeller reported electro-
chemical reactions under basic conditions, which were pro-
posed to proceed via radicals [16-18]. Xu also reported electro-
chemical reactions via radicals, which were generated through
proton-coupled electron transfer [19]. On the other hand, Yoon
reported photochemical reactions under acidic conditions,
which were proposed to proceed via radical cations [20]. Since
electrochemical and photochemical aza-Wacker cyclizations
can offer ring systems that are difficult to construct through
state-of-the-art palladium-catalyzed methods, the mechanistic
understanding of these cyclizations would be of great help to
expand their synthetic utility. Described herein are electrochem-
ical aza-Wacker cyclizations under acidic conditions, which are

expected to proceed via radical cations.

Results and Discussion

The present work began by examining the electrochemical aza-
Wacker cyclization using the alkene 1 as a model (Table 1).
Based on the conditions reported by Yoon and Moeller, the
initial screening was carried out using tetrabutylammonium
triflate (BuyNOTTY)/1,2-dichloroethane (1,2-DCE) solution. Car-
bon felt (CF) was used as an anode instead of reticulated
vitreous carbon (RVC), with platinum (Pt) as a cathode. To our
delight, a constant-current condition at 1 mA was productive,
and the desired five-membered pyrrolidine 2 was obtained in
high yield (Table 1, entry 2). During the screening of condi-
tions, the addition of acetonitrile (CH3CN) was found to be
effective, probably due to the increased conductivity of the elec-
trolyte solution (Table 1, entry 1). The reaction did not take
place without electricity and most of the starting material was
recovered (Table 1, entry 3). The addition of trifluoroacetic acid

(TFA) was advantageous in terms of the reproducibility, which

Beilstein J. Org. Chem. 2024, 20, 1900-1905.
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Scheme 2: Electrochemical and photochemical aza-Wacker cycliza-
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was in good accordance with the observation reported by Yoon
(Table 1, entry 4). The use of acetic acid (AcOH) instead of

ii TFA gave a slightly lower yield of the five-membered pyrrol-

Table 1: Control studies for electrochemical aza-Wacker cyclization.?

idine 2 (Table 1, entry 5). Although a constant-potential condi-

T
NSH -,EIS tion at 1.8 V was also productive, the constant-current condi-
N+ tion gave better results (Table 1, entry 6). Previously, we re-
S 1BT?\IC§T2f F'Ifrll];\)l ported that lithium perchlorate (LiClO4)/nitromethane
1 CH34CN/1 ,’2-DCE ) 3 (CH3NO,) solution was an effective medium to facilitate radical
cation reactions [21-25]. However, interestingly, it was not
Entry Deviation from the optimal Vields of 2 + 3 productive for the electrochemical aza-Wacker cyclization
condition (Table 1, entry 7) and the six-membered piperidine 3, instead of
; 97 (0) + 0 the five-membered pyrrolidine 2, was obtained in excellent
5 no GHaCN 82(0)+0 yield without electricity (Table 1, entry 8). Thus, it is proposed
3 no current 0 (75) + 0 that the electrochemical aza-Wacker cyclization under acidic
4 no TFA 81(3)+0 conditions proceeded via radical cations to give five-
5 AcOH instead of TFA 66 (5) + 0 membered pyrrolidine 2, while the six-membered piperidine 3
6 constant potential at 1.8 V 74 (0) + 0 is formed through ionic cyclization under non-electrochemical
7° LiCIO4/CH3NO, 0(0)+0 conditions.
8¢ LiClIO4/CH3NO,, no current 0 (0) + 96
aReaction conditions: alkene 1 (0.20 mmol), BugNOTf (0.1 M), TFA With the optimized conditions in hand, the scope of the electro-
(1 equiv), CHaCN (0.4 mL), and 1,2-DCE (3.6 mL). "Determined by chemical aza-Wacker cyclization was investigated (Scheme 3).
NMR analysis. The recovered starting material is reported in paren- . . . .
theses. °LICIO4 (1 M) instead of BusNOTF (0.1 M). Various aryl sulfonamides 4-6 were compatible to give the

respective five-membered pyrrolidines, except for that

R Fi Pt
NH M
-~ S |

1 mA, 2.2 F/mol :
BuyNTfO/1,2-DCE
CH3CN, TFA
MeO Fs;C \
Tle Ol 9 0
$:O ?:O $:O :
N N N
N N N
2, 96% 4, 85% 5, 96% 6, 81%
NO, \
N
N
7, 0% 8, 71% 9, 0% 10, 76%

Scheme 3: Scope of electrochemical aza-Wacker cyclization. Reaction conditions: the alkene (0.20 mmol), BuysNOTf (0.1 M), TFA (1 equiv), CH3CN
(0.4 mL), and 1,2-DCE (3.6 mL). Yields reported here are isolated yields.
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possessing a 2-nitro group 7. As discussed later with cyclic vol-
tammetric studies, the electron density in the aryl rings does not

seem to have a significant impact on the reaction. While benzyl

sulfonamide 8 was productive under the optimized conditions,

unprotected amine 9 was not compatible. Although gem-
dimethyl groups installed at the tether should have a positive
impact on intramolecular cyclization, they were not essential for
the reaction (10).

In order to obtain mechanistic insight into the aza-Wacker
cyclization, differently substituted alkenes 11, 14 were pre-
pared and subjected to the reaction under electrochemical and
non-electrochemical conditions (Scheme 4). In the case
of the trisubstituted alkene 11, the six-membered anti-
Markovnikov product 12 was selectively obtained under elec-
trochemical conditions, while the five-membered Markovnikov
product 13 was obtained in good yield under non-electrochemi-
cal conditions. In the case of the tetrasubstituted alkene 14,
the five-membered pyrrolidine 15 was selectively obtained
under electrochemical conditions, while both the five-
membered pyrrolidine 16 and six-membered piperidine 17
were obtained in good mass balance under non-electrochemical
conditions. Although the detailed mechanism remains an
open question, the electrochemical aza-Wacker cyclizations
might be radical reactions rather than ionic ones, since the six-

Beilstein J. Org. Chem. 2024, 20, 1900-1905.

membered piperidine was not obtained from the tetrasubstitut-
ed alkene 14.

Cyclic voltammetric studies have provided further mechanistic
insights into electrochemical aza-Wacker cyclizations. As re-
ported by Yoon, a trisubstituted alkene is oxidized at signifi-
cantly lower potential than aryl sulfonamides, suggesting that
the reactions were initiated by single-electron oxidation of the
alkenes. Although a drop in oxidation potential for the alkene
was observed when tethered to an aryl sulfonamide, as detailed
by Moeller, rapid intramolecular cyclization would be the key
[26-28]. We also measured cyclic voltammograms for aryl
sulfonamides with and without trisubstituted alkenes (Figure 1).
As described above, the electron density in the aryl rings does
not seem to have a significant impact on the reaction, since
alkenes possessing methyl 2, methoxy 5, and trifluoromethyl 6
groups were all high yielding. This observation was supported
by the cyclic voltammetric studies, namely, their oxidation
potentials were similar. This suggests that the reactions are initi-
ated by single-electron oxidation of alkenes instead of aryl
sulfonamides, leading to unique radical cation aza-Wacker
cyclizations. The cyclic voltammogram of the aryl sulfonamide
without a trisubstituted alkene provides clear-cut experimental
evidence of this, since the oxidation potential was recorded at a
much higher value.

Fo i L

not observed 3, 95%

2, 96% not observed

Mﬂ“% - X

13, 78% not observed

BBt B B

16, 47% 17, 48%

not observed

12, 48%

15, 47% not observed

Scheme 4: Mechanistic studies of aza-Wacker cyclization. A: Electrochemical (BusNOTf in CH3CN/1,2-DCE), B: non-electrochemical (LiClO4 in

CH3NOp).
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Figure 1: Cyclic voltammograms for aryl sulfonamides.

Conclusion

In conclusion, we have demonstrated that electrochemical aza-
Wacker cyclizations are enabled under acidic conditions, and
are expected to proceed via radical cations. Synthetic outcomes
and cyclic voltammetric studies suggest that the reactions are
initiated by single-electron oxidation of the alkenes instead of
the aryl sulfonamides. Although the detailed mechanism
remains an open question, the electrochemical radical cation
aza-Wacker cyclizations might be radical reactions rather than
ionic ones, since five-membered pyrrolidine formation is
preferred over six-membered piperidine formation. Further
mechanistic studies of the electrochemical radical cation aza-

Wacker cyclizations are underway in our laboratory.

Experimental

Electrochemical aza-Wacker cyclizations: The appropriate
alkene (0.20 mmol), TFA (0.20 mmol), and CH3CN (0.4 mL)
were added to a solution of BuyNOT{/1,2-DCE (0.10 M,
3.6 mL) while stirring at room temperature. The resulting reac-
tion mixture was electrolyzed at 1 mA using a CF anode
(10 mm x 10 mm) and a Pt cathode (10 mm X 20 mm) in an
undivided cell with stirring. The solution was diluted with water
and extracted with dichloromethane. The combined organic

layers were dried over Na;SQy, filtered, and concentrated in

1.5 2
Potential (V vs Ag/AgCl)

2.5

vacuo. Yields were determined by 'H NMR analysis using
benzaldehyde as an internal standard (Table 1). Silica gel
column chromatography (hexane/ethyl acetate) gave the corre-
sponding ring compounds.
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A novel facile approach to N-arylpyridoindazolium salts is proposed, based on direct oxidation of the ortho-pyridine substituted

diarylamines, either using bis(trifluoroacetoxy)iodobenzene as an oxidant, or electrochemically, via potentiostatic oxidation. Elec-

trochemical synthesis occurs under mild conditions; no chemical reagents are required except electric current. Both approaches can

be considered as a late-stage functionalization; easily available ortho-pyridyl-substituted diarylamines are used as the precursors.

Introduction

Aromatic polyfused N-heterocycles are of interest as a popular
structural motif of many biologically active alkaloids and other
molecules of therapeutic interest [1-4]. Polycyclic N-heteroaro-

matics also often exhibit intercalating properties [5-9].

Pyridoindazolium salts can be considered as one of the typical
representatives of polyfused N-heteroaromatics. However, this
type of compounds is relatively rare. To the best of our know-
ledge, only three N-alkylpyridoindazolium salts [4,7,10,11] and
the only N-aryl derivative [12] have been reported till now
(Scheme 1). Meanwhile, these new ring systems are suitable for
biological investigations, they exhibit significant bioactivity [4]
and can be used as intercalating agents [7].

The very limited scope of these practically useful compounds is

mainly attributed to the lack of convenient synthetic ap-

proaches to them. Thus, the only example of N-arylpyridoinda-
zolium salts was obtained via intramolecular cyclization of
perfluorinated phenylpyrilium salts using arylhydrazine
[12]; the process is based on the fluorine nucleophilic
substitution thus limiting its applicability to a wider range of
substrates.

Pyridyl-substituted diarylamines may be considered as the
possible precursors for N-arylpyridoindazolium salts. The oxi-
dative behavior of substituted diarylamines is known to be very
diverse and strongly influenced by the substituents in the phe-
nyl rings as well as by the type of the oxidant. Diarylamines can
serve as precursors for a wide variety of practically useful com-
pounds such as diarylnitroxides [13-19], N,N-diarylbenzidines
[20,21], N,N-diaryldihydrophenazines [20,21] and some others.

Therefore, the selectivity issue is of primary importance. The
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Scheme 1: Pyridoindazolium salts known to date and obtained in the present work.

guidelines for prediction of the dominant reaction path in the
competing oxidative transformations of variously substituted
diphenylamines yielding N,N-diarylbenzidines and N,N-
diaryldihydrophenazines were reported in [21]. By varying the
reaction conditions and additional substituents in the phenyl
rings, a possibility for the selective oxidation of ortho-(2-
pyridyl)diphenylamine to the corresponding nitroxide, as well
as the oxidation of both N-centers was demonstrated in [19].
The wide variety of the subsequent reaction channels for the
radical cations formed under chemical or electrochemical oxida-
tion of diarylamines, as well as availability of variously substi-
tuted diarylamines make them perspective starting compounds

for organic synthesis.

In the present paper, convenient, easily reproducible, straight-
forward synthetic routes to N-arylpyridoindazolium salts were
elaborated, based on both electrochemical and chemical (using
bis(trifluoroacetoxy)iodobenzene, PIFA) oxidation of the ortho-
pyridine-substituted diarylamines. Voltammetry studies of the
electrochemical behavior of the novel pyridoindazolium salts
and the starting diarylamines were performed confirming a pos-
sibility for their reversible redox interconversion.

Results and Discussion

Chemical oxidation

Three previously reported ortho-pyridine-substituted diaryl-
amines containing electron-donating and electron-withdrawing
groups were taken as the starting compounds (Scheme 2). As an
oxidant, bis(trifluoroacetoxy)iodobenzene (PIFA) was used. It

allowed obtaining the targeted heterocyclic cations in practical

49-54% yield for all starting diarylamines. Notably, a minor
amount (5%) of the N,N’-diaryldihydrophenazine radical cation
that is the byproduct corresponding to the intermolecular
oxidative C—N coupling of the diarylamine A1 was detected
in the reaction mixture. This emphasizes that the both pro-
cesses are of the same nature and proceed through the same
intermediate (i.e., the diarylamines’ radical cation) and indi-
cates the dominance of the intramolecular cyclization over the
intermolecular C—N coupling process. Oxidation of diaryl-
amines in the presence of an excess of trifluoroacetic acid gave
no targeted pyridoindazolium salts, whereas the amount of
diaryldihydrophenazine was increased (10%). Thus, proton-
ation completely suppressed the intramolecular cyclization

route.

Heterocyclic salts S1-S3 were obtained as amorphous solids,
soluble in polar solvents (acetonitrile, DMF, acetone) and chlo-
rinated hydrocarbons (CHCl3;, CH,Cly).

The structure of new N-arylpyridoindazolium salts S1-S3 was
confirmed with HRMS and IH, 13C and !°F NMR data; the
complete assignment of the signals was performed using
2D NMR methods. The N-N bond formation was additionally
confirmed via comparison of the 'H spectra for the salts and
their diarylamine precursors. The absence of the signals corre-
sponding to the acidic protons in the spectra of the salts
excluded protonation of the pyridyl or amino groups. The
downfield shift of the signals of both the N-aryl ring (for
0.5-1 ppm) and the pyridyl moiety (for more than 1 ppm) con-

firmed the positive charge delocalization over both N atoms and
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Scheme 2: Synthesis of S1-83 salts using PIFA as an oxidant and the resonance structures demonstrating the electron density distribution in pyri-

doindazolium salts.

the involvement of the amines’ lone pair in the new 14-e aro-
matic system (Scheme 2).

One of the possible functionalities of the new compounds may
be the utility of the charged aromatic fragment as an efficient
leaving group in the SN(Ar) reactions, similarly to dibenzothio-
phenium triflates that have been recently reported as substrates
for nucleophilic substitutions using potassium fluoride [22]. The

study is in progress now.

Voltammetry characterization of the
N-arylpyridoindazolium salts S1-S3 and their

precursors, diarylamines A1-A3
The electrochemical investigation of the new salts was per-
formed at a Pt electrode in MeCN solution using BuyNBF, as a

supporting electrolyte. Oxidation of the salts occurs at high pos-

itive potentials (>2 V vs Ag/AgCl, KCls,), Figure 1a), in
accordance with the cationic nature of the heterocycle. In the
negative potential range, an irreversible peak can be observed in
the —1.2V to —1.3 V region (Table 1). In case of S2, the second
reduction peak corresponds to the reduction of the carbonyl
group. Thus, the electrochemical window for the new salts
exceeds 3.5 V; that makes their molten forms perspective for
application as ionic liquids.

As follows from Table 1, oxidation of the starting amines
A1-A3 occurs at ca. 1-1.1 V vs Ag/AgCI, KCl(sy ). The elec-
trochemical study of PIFA reduction showed a broad irre-
versible peak with the onset potential value of +0.93 V (vs
Ag/AgCl, KClsy.)). Thus, it is sufficiently strong to perform
oxidation of diarylamines A1-A3, as it has been confirmed by

the experimental results given in Scheme 2 above.

A3 - S3
a salt s2 b (Et0,C),CH ™
salt $2 <
salt $2 o e u——
- amine A2 3 -«
c
2 ’
5
o H
no additive
1 equiv of CH,(CO,Me), added
5 equiv of CH,(CO,Me), added
s25A2 S3->A3
-25 -20 -15 -10 -05 00 05 10 15 20 25 3.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

E, V vs Ag/AgCl, KCI

E, V vs Ag/AgCI, KCI,

sat.)

Figure 1: CV curves for salt S2 and corresponding amine A2 (left, Figure 1a) and salt S3 with and without diethyl malonate additives (right,

Figure 1b). (Pt, MeCN, 0.1 M BugNBF4, 0.1 V/s, vs Ag/AgCl, KCl(sat,).-
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Table 1: Peak potential values for the reduction of salts S1-S3 (Eg;lt,

V) and oxidation of the corresponding diaryl amines A1-A3 (EP3. ).

Salt EPS,, Ve Amine EP2. . VP
S1 -1.34 A1l 1.03
S2 -1.29; -2.23 A2 1.07
S3 -1.28 A3 1.14

2ln MeCN, 0.1 M BugNBF4, 0.1 V/s, glassy carbon disc electrode, vs
Ag/AgCl, KClisat); bin DMF, 0.1 M NaOTs, 0.1 V/s, Pt disc electrode,
vs Ag/AgCI, KCl(sat,)

Comparison of the CV curves measured for N-arylpyridoinda-
zolium salts S1-S3 and their precursors — the diarylamines —
sheds light of the nature of the electrochemical process. In
Figure 1a, it is shown for salt S2. If the direction of the poten-
tial sweep is changed after passing the first reduction peak of
salt S2, the new peak appears at the potential of 0.89 V that
completely coincides with the first oxidation peak of the amine
precursor. The CV curve for the diarylamine, in its turn, exhib-
ited (in the reverse scan after oxidation of the amine) a new
reduction peak that coincides to the first reduction peak of the
pyridoindazolium salt (one more peak at less negative potential
in the reverse scan after amine oxidation corresponds to the
reduction of the protonated pyridyl moiety of the diarylamine).
Thus, the voltammetry testing confirmed that oxidation of the
pyridyl-containing amines results in the intramolecular
heterocyclization yielding pyridoindazolium salts. The reduc-
tion of N-arylpyridoindazoliums in the presence of a source of
protons restores the starting diarylamines. Redox-interconver-
sion between diarylamines A1-A3 and N-arylpyridoinda-
zoliums S1-S3 can be presented in the following scheme
(Scheme 3).

Beilstein J. Org. Chem. 2024, 20, 1906-1913.

Anions formed after two-electron reduction of N-arylpyridoin-
dazolium salts are strong bases and can be considered as elec-
trogenerated proton sponges. That was demonstrated taken salt
S3 as an example. Addition of relatively weak H-donors such as
diethyl malonate significantly increases the reduction current of
S3 and shifts the potential value for 30 mV toward positive
potentials (Figure 1b). In the reverse scan, a new peak appears,
corresponding to oxidation of the malonate anion [23]; the peak

of the amine oxidation is increased.

Electrochemical synthesis of

pyridoindazolium salts

The results of the voltammetry testing allowed to assume that
pyridoindazolium salts can also be obtained using an anodic
synthesis. Electric current as a reagent is inherently safe and
easily scalable; electrosynthesis is in line with the green chem-
istry requirements [24]. To test the assumption, the preparative
oxidation of amine A1 was performed in the potentiostatic
mode at 1.6 V (vs Ag/AgCl, KCl(g,)) in a two-compartment
cell in DMF; sodium tosylate was used as a supporting elec-
trolyte. After a charge corresponding to 2 F per mole of amine
A1 was passed through the solution, the targeted salt S1 was
isolated in a promising 45% yield (Scheme 4).

To find the optimal conditions, a base (2,6-lutidine) was added
in the reaction mixture. A base is required to bind a proton re-
leased in the diarylamine oxidation. Our experiments with the
acid additives (see above) showed that protonation of the
pyridyl group suppresses the pyridoindazolium salt formation.
Voltammetry testing also showed that 2,6-lutidine addition
facilitates oxidation of the amine (Figure 2); the peak potential
was of 100 mV shifted toward negative potentials. The pyri-

doindazolium salt reduction is also sensitive to the presence of a

A X
o A -
7 ~N. —
H —e T —-e Nﬁ
\}‘ - ~Ar
N\Ar N\Ar
H+
t-Bu t-Bu t-Bu
A1-A3 S$1-S3
@CHch
X
| N
CchN “ Al + 2e_
..@
N
“Ar
electrogenerated

t-Bu

proton sponge

Scheme 3: Redox-interconversion between diarylamines A1-A3 and N-arylpyridoindazoliums S1-S3.
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Scheme 4: Electrochemical approach to pyridoindazolium salts.

base since the electron transfer is followed by a protonation
chemical step.

A1 -2e" 581" +H"

amine A1
amine A1 + 2 equiv of lutidine

S1"+2e +H -5 A1

V

-0.5

0.0 05 1.0
E,V vs Ag/AgCl, KCI(sat.)

Figure 2: CV curves for amine A1 without the lutidine additive (black
curve) and after addition of 2 equiv (red curve). DMF, 0.1 M NaOTs,
0.1 V/s, Pt disc electrode, vs Ag/AgCI, KCl(sat,)

Indeed, a bulk electrolysis of amine A1 in the presence of 2,6-
lutidine gave much better (60%) yield of salt S1. Additionally,
the electrolysis potential was decreased (since lutidine facili-
tates amines’ oxidation): the starting potential was set as 1.0 V
and was gradually increased to 1.4 V. The attempt to perform
the electrolysis in a one-compartment cell was unsuccessful: the
yield of the salt dropped to 38%.

Thus, the optimized conditions of the potentiostatic electrolysis
were the following: a two-compartment cell, a glassy carbon
(GC) anode, DMF, the potential increased from 1.0 Vto 1.4 V
vs Ag/AgCl, KClsy)), 2 F per mol of amine electricity passed,
sodium tosylate (0.1 M) as a supporting electrolyte, and 2 equiv
of 2.6-lutidine added. Bulk oxidation of amine A2 under the op-
timized conditions gave the corresponding pyridoindazolium
salt S2 in a practical 69% yield.

It should be noted that a small amount of the oxidized N,N-
diaryldihydrophenazine (5-10%) was also detected in the reac-
tion mixture after the electrolysis of A1, similarly to the chemi-
cal oxidation. The radical cation of dihydrophenazine formed
was isolated and studied using ESR and HRMS methods. The
ESR spectrum (see Supporting Information File 1) was typical
for this type of compounds: a characteristic quintet due to
hyperfine splitting on two equivalent nitrogen atoms
(an = 6.56 G) as well as additional triplet splitting provided by
hyperfine interaction with a pair of equivalent protons
(ag = 1.89 G). In contrast, only traces of this admixture were
detected for the diarylamines with electron-withdrawing substit-
uents. This is in line with our previous mechanistic study
[20,21] which revealed that the intermolecular C—-N and C-C
couplings are disfavored in case of the diarylamines with two
electron-deficient phenyl rings.

To our surprise, the procedure did not work in the case of amine

A3: only traces of pyridoindazolium salt S3 were detected in the

post-electrolysis mixture. Instead, a complex mixture of prod-
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ucts was obtained. It looks as if the oxidation is non-selective;
not a single reaction path dominates. This is typical for diaryl-
amines containing electron-withdrawing substituents in both
rings; commonly, electrochemical oxidation yields an insepa-
rable mixture [21]. In case of amine S2, the electron-donating
tert-butyl group in the para-position compensates the electron-
withdrawing influence of the ortho-acyl substituent. This
prevents formation of the phenazine byproduct (the ortho-posi-
tion is occupied) in favor of the targeted process of the pyri-

doindazolium salt formation.

It is not entirely clear why the electrochemical approach does
not work for amine A3 in contrast to its chemical oxidation that
was successful. Our experiments with the variation of the sol-
vent (CH3CN and DMF), changing the supporting electrolyte
(the replacement of NaOTs for more basic CF3CO,Na), addi-
tion of lutidine did not help.

To solve the problem, the mediatory oxidation of A3 was also
tried. Three possible mediators were tested: TEMPO, bis(4-tert-
butylphenyl)nitroxide and tris(4-bromphenyl)amine. The vol-
tammetry testing was performed in DMF using TsONa as a sup-
porting electrolyte. As follows from Figure 3, the tertiary amine
is inappropriate due to its too anodic oxidation potential where-
as the two nitroxide radicals might be suitable. Indeed, an
increase in the oxidation current of a mediator was observed in
both cases after A3 has been added into the reaction mixture
(Figure 4a,b). Notably, the effect was more pronounced in the
presence of lutidine, especially in the case of TEMPO. The
difference between the oxidation potential of A3 and the
potential of the TEMPO/TEMPO" redox couple is rather
significant (ca. 0.35 V); the base additives make oxidation of

amines less anodic (due to the H-bonding and facilitation of de-

— (p-t-BuCgH,4),NO (3.4 mM)
— (p-t-BuCgH,),NO + amine (2.3 mM) e a
— (p-t-BuCgH,),NO + amine (4.3 mM)
all above + lutidine (17 mM)
- - - all above + Fc

2050 -025 000 025 050 075 100

E,V vs Fc'lFc

Beilstein J. Org. Chem. 2024, 20, 1906-1913.

protonation of the radical cations), thus narrowing the potential
gap.

(p-BrCzH,);N

(p-t-BuCgH,),NO
Fe TEMPO l

Lo

amine A3

{

0.14

0.0+

v7'xd"Zifdt"2, mA sV

250 500 750 1000

E, mV vs Fc*/Fc

250 0

Figure 3: Semi-differential CV curves for the mediators (TEMPO,
bis(4-tert-butylphenyl)nitroxide and tris(4-bromphenyl)amine) and
amine A3 in DMF/TsONa solution (0.1 V/s, Pt).

Preparative experiments were performed under the same condi-
tions as described above: A one-compartment cell, DMF,
0.25 mol equiv of a mediator was added. Potentiostatic electrol-
yses were carried out at the potential of the mediator oxidation.
The current was dropped down after ca. 1.5 equivalents of elec-
tricity has been passed through the solution. Analysis of the
reaction mixtures showed that in both cases a certain amount of
the target salt S3 was formed. When TEMPO was used as a
mediator, S3 was isolated in 10% yield, along with the starting
amine (18%) and the tetraarylhydrazine as the main product
(50%). In the case of the diarylnitroxide, a complicated multi-

component reaction mixture was formed. Besides the products

—— TEMPO (5.1 mM) 3 b
—— TEMPO + amine (6.5 mM) S

all above + lutidine (35 mM)
------ all above + Fc

304

000 025 050 075 1.00

E,V vs Fc'lFc

025

Figure 4: CV curves of bis(4-tert-butylphenyl)nitroxide (a) and TEMPO (b) with amine A3 and 2,6-lutidine added (DMF/TsONa, 0.1 V/s, Pt).
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mentioned above, it contained some other compounds, which
have not been identified.

Among the amines studied, amine A3 is less prone to oxidation
(due to the electron-withdrawing effect of the trifluoromethyl
group) and is the less basic; the presence of a lutidine base even
more fastens deprotonation of the radical cation formed in oxi-
dation. Since oxidation occurs in the bulk and the potential of
the mediator is insufficient for the further oxidation of the elec-
trophilic CF3-substituted diarylaminyl radicals to the corre-
sponding cations, the N-N coupling of thus formed aminyl radi-
cals dominates over the intramolecular cyclization. This oxida-
tion path is inherent to non-bulky amines of low basicity in the
presence of a base [20,25]. In our case, the base is required to

prevent acidification of the reaction mixture.

Conclusion

A novel facile approach to N-arylpyridoindazolium salts was
proposed, based on direct oxidation of the ortho-pyridine-
substituted diarylamines. The oxidation can be performed either
chemically, using bis(trifluoroacetoxy)iodobenzene as the
oxidant, or electrochemically, via potentiostatic oxidation. The
electrochemical synthesis occurs under mild conditions; no
chemical reagents are required except electric current. Both ap-
proaches can be considered as a late-stage functionalization; the
easily available ortho-pyridyl-substituted diarylamines are used
as the precursors. The direct approaches to N-arylpyridoinda-
zolium salts elaborated herein open a route to broadening a
scope of these practically useful compounds with multiple func-
tionalities that were poorly available previously.
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Hydrazones are important structural motifs in organic synthesis, providing a useful molecular platform for the construction of valu-

able compounds. Electrooxidative transformations of hydrazones constitute an attractive opportunity to take advantage of the versa-

tility of these reagents. By directly harnessing the electrical current to perform the oxidative process, a large panel of organic mole-

cules can be accessed from readily available hydrazones under mild, safe and oxidant-free reaction conditions. This review presents

a comprehensive overview of oxidative electrosynthetic transformations of hydrazones. It includes the construction of azacycles,

the C(sp?)—H functionalization of aldehyde-derived hydrazones and the access to diazo compounds as either synthetic intermedi-

ates or products. A special attention is paid to the reaction mechanism with the aim to encourage further development in this field.

Introduction

Hydrazones represent an important class of organic compounds.
They can be readily prepared through the condensation of
hydrazine derivatives with aldehydes or ketones. They have
found widespread applications in materials sciences and supra-
molecular chemistry [1-5]. Importantly, they are versatile
reagents in organic synthesis. They have for instance been
frequently employed for the construction of azacycles through
various cyclization protocols or cycloaddition reactions [6-10].
Early work in this field includes the well-known Fischer indole

synthesis [11]. Additionally, they have been harnessed as valu-

able intermediates in Wolff—Kishner reduction reactions [12-14]
or for the synthesis of various olefins via diazo or vinyllithium
intermediates in the Bamford—Stevens reaction [15] and Shapiro
reaction [16], respectively [17]. SAMP/RAMP ((S)/(R)-1-
amino-2-methoxymethylpyrrolidine)hydrazones could be also
key intermediates for the asymmetric synthesis of a-substituted
aldehydes and ketones [18,19]. Interestingly, depending on the
substitution pattern, the C=N bond can feature different elec-
tronic properties [20]. For instance, various hydrazones have

been employed for the asymmetric preparation of chiral amines
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through the addition of nucleophilic partners [21,22] while the
azaenamine character of some aldehyde-derived hydrazones has
been demonstrated in the coupling with suitable electrophiles
such as Michael acceptors [23,24]. Last but not least, the C=N
bond of hydrazones can act as radical acceptors for the synthe-
sis of functionalized amines or hydrazones through reductive
functionalization [21,25,26] or oxidative C(spz)—H functionali-
zation [27,28], respectively. Consequently, given their rich re-
activity profile, exploring new synthetic transformations of
hydrazones is of significant importance and can contribute to
the formation of novel organic compounds.

Electrosynthesis enables the generation of either radical, radical
ionic or ionic species [29] under mild and environmentally
friendly reaction conditions [30,31]. The direct use of electrical
current to drive oxidative and reductive processes precludes the
reliance on toxic or dangerous redox reagents [32]. The explo-
sive renewal of interest in this technology and the resulting
recent achievements have brought it at the forefront of organic
synthesis. Electrooxidative transformations of hydrazones offer
appealing opportunities to take advantage of the versatility of
this reagent. Such an approach can either ameliorate the
previous methods in a more sustainable and efficient fashion or
provide a mean for the discovery of new reactivity. Herein, this
review aims to give an overview of the state of the art in the
electrochemical oxidative transformations of hydrazones. It is
organized in four main parts: (i) synthesis of azacycles, (ii) syn-
thesis of functionalized hydrazones through C(sp?)-H functio-
nalization of aldehyde-derived hydrazones, (iii) access to diazo
compounds, and (iv) synthesis of miscellaneous compounds.
For reactions carried out under constant current electrolysis, the
reported current applied (in A or mA) is depicted. Additionally,
when possible, and for better accuracy, the current density (in
mA-cm™2) has been calculated based on the size of the elec-
trode portion immersed in the solution, as described in the ex-
perimental section. This information is provided in brackets.

Review

Synthesis of azacycles

Nitrogen-containing heterocyclic compounds possess numer-
ous applications in various domains such as materials science,
agrochemistry and medicinal chemistry. Especially, 60% of all
FDA-approved drugs in the United States contain at least one
azacycle [33]. Therefore, the development of gentle and effi-
cient methods for accessing these heterocycles is an ongoing
pursuit for synthetic chemists. As mentioned above, with their
two nitrogen atoms, hydrazones constitute unique synthons for
constructing azacycles. Resorting to electrochemical ap-
proaches furnishes original compounds. Although the first
report dates back to 1974, this tool has only been seriously

considered in the last 15 years.
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Oxidative cyclization of hydrazones

In 1974, Tabakovi¢ et al. published the oxidative cyclization of
2-acetylpyridine-derived N-phenylhydrazone 1a to form tria-
zolopyridinium salt 2a [34]. The process was further applied to
various 2-acetylpyridine and 2-benzoylpyridine derivatives
(Scheme 1) [35,36]. The corresponding pyridinium salts 2 were
obtained in high yields when the electrolysis was conducted in a
divided cell under potentiostatic conditions at 1.2-1.65 V vs

SCE in acetonitrile.

Qll"l @ N 'Ar—
N Pt (+)i;ff’ Pt (-) X X
R /N +
| Et,NX, CH3CN, rt |
n 1.2-1.65 V vs SCE =
1 2: 11 examples
79-91%

Me AN Ph AN '/\l‘l\‘l Clo,~
| = | = | 5"\
=
2a: 80% 2b: 86% 2c:91%

Scheme 1: Synthesis of triazolopyridinium salts [34-36].

In 1976, the same group reported the anodic cyclization of chal-
cone-derived N-phenylhydrazone 3 to pyrazole 4 in a divided
cell at constant current (Scheme 2) [37]. The obtained poor
yield was explained by the formation of dimeric side products.
Cyclic voltammetry analysis suggested an initial anodic single
electron transfer (SET) to radical cation 5, cyclization and de-
protonation. Subsequent SET oxidation in solution by 5 led to
cation 7. Final deprotonation furnished aromatic cycle 4.

T 9 -
- : N
j“\/ﬂ Pt et ) e
Ph Ph |icI0,, CHLCN, 1t Ph
0.95V vs SCE, 1.6 F-mol~'
3 4:28%

proposed mechanism
Ph Ph Ph

r +o N\ -N _N
f _NH N
3 N — Mph_ﬁ bPh
SET ‘_._—H SET
Ph)\v/\Ph e i l_

Scheme 2: Synthesis of pyrazoles [37].
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In 2022, Zhang et al. documented the synthesis of 1H-indazoles
9 via the electrooxidative cyclization of (hetero)aromatic ke-
tones-derived N-phenylhydrazones 8 (Scheme 3) [38]. In
contrast with the above-mentioned works, the electrolysis was
carried out in an undivided cell under galvanostatic conditions.
High yields were obtained regardless of the electronic proper-
ties of the substituents on the N-phenyl ring. When dissym-
metric diaryl ketone-derived substrates were employed, the
C-N bond formation occurred selectively on the most electron
rich aromatic ring. According to the proposed mechanism, this
dehydrogenative cyclization of hydrazones initiated with the
SET anodic oxidation of the hydrazone and deprotonation to
form the N-centered radical 10. After aza-cyclization on the aro-
matic ring, a second SET oxidation and deprotonation deliv-
ered the heterocycle 9. This mechanism was supported by cyclic
voltammetry analysis of a model substrate (1-(diphenylmeth-
ylene)-2-(4-nitrophenyl)hydrazine), which displayed three oxi-
dation peaks (0.9, 1.7 and 2.2 V vs Ag*/Ag in HFIP ). The
authors assumed that the two first peaks would correspond to
the oxidation of 8 to 10 and 11 to 12 and that the oxidation of
10 would be responsible for the final one, which is consistent

with the finding of ketone side-product.

@ Ar
o c %Pt N
+ - /
N/NH (+) ) R
‘ n-BuyNBF,, HFIP, 40 °C
R @ 5mA (2.7 mA-cm™2)
. —1
8 2.4 Fxmol 9: 30 examples
50-94%

=z
P
zZ

+
H
ot e
— i 2e~ cathode
selected examples
NO,
Ph P
N-N N-N
/ /
Ph '/\J‘N Ph _
EtO,C 5 Y/
OMe
9a: 68% 9b: 80% 9c: 75%

Scheme 3: Synthesis of indazoles from ketone-derived hydrazones
[38].
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In 2018, the group of Zhang established an intramolecular
C(sp?)-H functionalization of aldehyde-derived N-(2-
pyridinyl)hydrazones 15 to produce 1,2,4-triazolo[4,3-
alpyridines 16 (Scheme 4) [39]. Interestingly, the hydrazone
was in situ prepared prior to the electrolysis through the con-
densation of 2-hydrazinopyridine 13 and various aromatic, ali-
phatic and a,B-unsaturated aldehydes 14. The electrooxidative
transformation was performed under constant current at 7 mA
in a mixture of acetonitrile and water under heating. From a
mechanistic point of view, the authors proposed the formation
of N-pyridyl radical 18 through the anodic oxidation of in situ-
generated anion 17. Subsequent radical cyclization, second
anodic cyclization and deprotonation yielded the fused hetero-
cycle 16.

®

Eﬁ/ NH, 14E\ \| +)%P“‘>CT\?N

MeCN R2 n-BusNBF,;, X~ R
CH3CN/H,0, 70 °C R
13 10 mA (2.3 mA-cm2), 2.2 F-mol"
R'=H, Me, C 15 16: 38 examples
X=C,N R2 = (het)Ar, Alk 45-94%

R! 1
29 /N\N Re AN =N 2N
(+) E N ‘L E z |N — - Ne [ N/
NS L4 -
- X7 R2 SN S 2 X 7<Rz \<Rz
- T— " 19 1 16
15 2H,0 H, + 20H
— 2e~ cathode
selected examples
/ \ N N
X N /
16a: 88% 16b: 55% 16¢c: 85%

Scheme 4: Intramolecular C(sp?)-H functionalization of aldehyde-
derived N-(2-pyridinyl)hydrazones for the synthesis of 1,2,4-
triazolo[4,3-a]pyridines [39].

Similarly, Youssef and Alajimi disclosed the electrochemical
synthesis of pyrazolo[4,3-c]quinoline derivatives 22 from
7-chloro-4-hydrazinoquinolines 20 and aromatic aldehydes 21
(Scheme 5) [40].

In 1992, Chiba and Okimoto reported the electrooxidative cycli-
zation of aldehyde and ketone-derived N-acylhydrazones 23a
and 23b to build 1,3,4-oxadiazoles 24a and A3-1,3,4-0xadiazo-

lines 24b, respectively. Using sodium methoxide as basic sup-
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20 ce fPt(—) 22: 7 examples

n-BusNBF . 40-84%
CH3CN/H,0, rt

10 mA (2.3 mA-cm2)

Scheme 5: Synthesis of pyrazolo[4,3-c]quinoline derivatives [40].

porting electrolyte in a divided cell equipped with carbon rod
anodes and a platinium coil cathode, the transformation would
involve cyclization of carbocationic species 25 to form the
intermediate 26. From 23a (R2 = H), the latter would undergo
deprotonation delivering the oxadiazole 24a. Alternatively,
from 23b (R? # H), nucleophilic addition of methanol to oxy-
carbenium 26b yielded the oxadiazoline 24b (Scheme 6)
[41,42].

OYRa N-N N=N
‘ - R2,7\ OMe
_ I\
NH clA e R I e or A s
A, MeoH, 15°C 24a 24b
R' R 500 mA from 23a from 23b

23a:R*=H (4.9 mA-cm2) MeONa (0.5 equiv) MeONa (2 equiv)

23b: R*#H 3 F-mol-" 4-5 F-mol™"
22-89% 30-73%
bFo};Bs_eEfn{e_cﬁaBi_sﬁq __________________________
anode
T  2SET HOVEN  =HY 4a
_H* R1 O + R3
Y _N_ _R3
_NH N7 26a
Uk
\§ R R2°
R "R2 N=
23 25 R2 ‘E\ MeONa
. R 0+R?
A/ 26b
selected examples N _____
N-N Me_, '\ OMe

/N
NN C:3"'7/<o/\\MeQ<'\‘:E<OMe Me” 0" “Ph
O Me

24ba: 70%

O Ph

24aa: 89% 24ab: 47% 24bb: 70%

Scheme 6: Synthesis of 1,3,4-oxadiazoles and NA3-1,3,4-oxadiazo-
lines [41].

In 2020, Lei, Zhang and Gao et al. described the electrooxida-
tive cyclization of in situ-generated a-keto acid-derived
NH-acylhydrazones to build 1,3,4-oxadiazole derivatives in
good yields. The electrolysis was conducted under galvanostat-

ic conditions in methanol using a carbon graphite anode and a
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platinum cathode. From a mechanistic point of view, in situ
condensation of acylhydrazines 28 with a-keto acids 27 pro-
duced hydrazones 29. After deprotonation, the authors pro-
posed that the carboxylate anion underwent SET anodic oxida-
tion/decarboxylation/radical cyclization sequence to form
radical intermediates 34. Subsequent second anodic oxidation
and deprotonation yielded the desired heteroaromatic 5-mem-
bered rings 30. Importantly, a control experiment using
benzaldehyde-derived N-benzoylhydrazone delivered the corre-
sponding 1,3,4-oxadiazole in only 25% yield. This result indi-
cates that benzaldehyde-derived hydrazone is a less probable
reaction intermediate, thereby supporting the proposed mecha-
nism (Scheme 7) [43].

o -N
2 Y(Het)Ar C(+)%Pt() N \>—(Het)Ar

COOH *  NH n-BusNOAc R
HaN MeOH, rt
27 R = alk, Ar 28 12 mA (3.9 mA-cm=2) 30: 23 examples
2 equiv 1 equiv 2.7 F-mol™’ 26-85%
proposed mechanism
anode(+) | | (=) cathode
I
OY(Het)Ar Oxy - (Het)A
_NH _NH
Nig - N - H,0
I MeO I, ~——27+28
. R COOH
31 29
SET 2
2¢
O (HBA 2MeOH \(
H
/NH ,N (Het)Ar
)|\ ~Co, )L \(f)( 2MeO
R coo’
32 33
N’N
L 9—(Het)Ar
<1 R™ O 5-exo
SET 4
+ N’N
)\\ \>—(Het)Ar
R O
30
selected examples cl
~N —~ ~N
N N
Lm0 1O
o w0 o bty O
30a: 72% 30b: 88% 30c: 80%

Scheme 7: Synthesis of 1,3,4-oxadiazoles [43].

In parallel, Sheng and Zhang et al. found that 2-(1,3,4-oxadi-
azol-2-yl)aniline derivatives 38 could be electrochemically syn-
thesized from isatins 35 and acylhydrazine 36. The transformat-
ion was carried out in an undivided cell at high temperature in
DMSO using potassium iodide as supporting electrolyte with
potassium carbonate as a base and two platinum electrodes.
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Mechanistically, condensation of the two reactants formed
isatin-derived acylhydrazone 37. Hydrolysis of the latter in the
presence of the inorganic base gave rise to potassium carboxyl-
ate 39. Meanwhile, two consecutive SET oxidations of the
iodide anion generated molecular iodine which reacted with 39
to furnish unstable hypoiodous anhydride 40, thereby trig-
gering the key CO, extrusion. The resulting C(sp?)-centered
radical 42 underwent a SET anodic oxidation/cyclization/depro-
tonation sequence to yield the oxadiazole derivative 38. As
such, the iodide electrolyte served as an electromediator to both
promote the decarboxylation process and protect the aniline
product from overoxidation. Importantly, a control experiment
without electricity but in the presence of molecular iodine
instead proceeded smoothly, thereby confirming the critical role

of in situ-generated molecular iodine (Scheme 8) [44].

Formal cycloaddition

Hydrazones constitute a versatile building block for the con-
struction of azacycles through formal cycloaddition reactions.
Under oxidative electrochemical conditions, either the oxida-
tion of the hydrazone or the partner might be investigated
offering numerous possibilities for the assembly of hetero-
cycles.

As early as 1988, Tabakovi¢ and Guni¢ examined the anodic
oxidation of aldehyde-derived NH-arylhydrazones 44 in the
presence of pyridine and (iso)quinolone derivatives 45 in aceto-
nitrile-tetraethylammonium perchlorate solution under constant
potential in a divided cell equipped with platinum gauze anode
and nickel cathode. Such a transformation constituted a straight-
forward route to the corresponding fused s-triazolo perchlorates
46 in moderate to high yield. Coulometric analysis established
that the electrolysis was a four-electron oxidative process.
Based on this study, the authors proposed the initial anodic oxi-
dation of hydrazone 44 through the loss of two electrons and
one proton to form cation 47. Subsequent nucleophilic addition
of the azaarene led to new highly acidic cationic species 48. The
latter underwent deprotonation and cyclization to form fused
system 49. Final two-electron oxidation and deprotonation
delivered the ionic product 46 (Scheme 9) [45].

For the construction of non-ionic azacycle from aldehyde-
derived NH-arylhydrazones, the electrolysis is generally con-
ducted in the presence of iodide anion as electromediator. An
important challenge is to avoid the competitive formation of the
corresponding methoxy(phenylazo)alkane [46,47] or carbonyl
compound [48] upon SET anodic oxidation of the hydrazone
and subsequent reaction with methanol or water, respectively.
In 2018, Yuan and Yang developed a multicomponent synthe-
sis of 1-aryl and 1,5-disubstitued 1,2,4-triazoles using tetra-

butylammonium iodide as electromeditor [49]. 1-Methylene-2-
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Scheme 8: Synthesis of 2-(1,3,4-oxadiazol-2-yl)anilines [44].

arylhydrazine 52 was in situ generated through the condensa-
tion of paraformaldehyde 51 with arylhydrazines 50, while the
electrolyte ammonium acetate and the alcoholic solvent acted as
N and C1 sources, respectively. The authors proposed the
mechanism depicted in Scheme 10. The deprotonation of hydra-
zone 52 afforded anion 54 which underwent SET anodic oxida-
tion to form radical 55. In parallel, an elusive oxidation of
alcohol electromediated by iodine would furnish aldehyde 56.
Electrogenerated iodine would further assist the reaction with
ammonia to form N-iodo aldimine intermediate 57. Subsequent
radical cycloaddition between 56 and 57 would furnish cyclic

hydrazinyl radical 58. Finally, the triazole would be obtained
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Scheme 9: Synthesis of fused s-triazolo perchlorates [45].

after hydrogen atom abstraction by iodide radical and deproton-
ation.

Inspired by these works, Li and Gu et al. proposed the elec-
trosynthesis of 1,3,5-trisubstituted 1,2,4-triazoles from
preformed aldehyde-derived N-arylhydrazones 60, aldehydes 61
and ammonium acetate. Herein, the authors suggested the elec-
tromediated oxidation of N-arylhydrazone by electrogenerated
iodide radical (Scheme 11) [50].

In parallel, the group of Yuan achieved the electrosynthesis of
1,3,5-trisubstituted 1,2,4-triazoles 67 from arylhydrazines 64,
aldehydes 65 and primary amines 66. Iodine-mediated elec-
trooxidation of in situ-generated aldehyde-derived hydrazones
was also proposed as key initial step of the transformation
(Scheme 12) [51]. Concurrently, similar formal electrochemi-
cal cycloaddition reactions between preformed aldehyde-
derived hydrazones and aliphatic amines were investigated by
the groups of D. Tang [52] and Pan [53]. The latter employed
ferrocene as electrocatalyst instead of iodide salts. Additionally,
Tang et al. demonstrated that amidines could react with
preformed aldehydes-derived hydrazones to produce similar
1,3,5-trisubstituted 1,2,4-triazoles [54].
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Scheme 10: Synthesis of 1-aryl and 1,5-disubstitued 1,2,4-triazoles
[49].

The last example of electrochemical synthesis of trisubstituted
1,2,4-triazoles was accomplished by D. Tang et al. through the
formal cycloaddition between in situ-generated aldehyde-
derived hydrazones and cyanoamine (70). The 5-amino deriva-
tives 71 were obtained in moderate to good yields by employ-
ing potassium iodide as electrocatalyst (Scheme 13) [55].
Herein, the electrochemical approach constitutes an advanta-
geous alternative to previous methods, which required the prep-
aration of difficult-to-handle hydrazonoyl halides for the syn-
thesis of l-aryl-5-amino-1,2,4-triazoles from cyanamide
[56,57].

Pyrazolines are highly important heterocyclic motifs in pharma-
ceutical and agrochemical industries. The (3 + 2)-cycloaddition
between nitrile imines and alkenes represents one of the most

efficient strategies to prepare these azacycles. However,
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Scheme 11: Synthesis of 1,3,5-trisubstituted 1,2,4-triazoles [50].
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Scheme 12: Alternative synthesis of 1,3,5-trisubstituted 1,2,4-tri-
azoles [51].
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Scheme 13: Synthesis of 5-amino 1,2,4-triazoles [55].
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conventional methods for the generation of the nitrile imine
involved the use of unstable hydrazonoyl halides or the oxida-
tion of aldehyde-derived hydrazones under harsh reaction
conditions. In 2023, the group of Waldvogel presented a formal
electrooxidative (3 + 2)-cycloaddition between aldehyde-
derived hydrazones 72 and alkenes 73 to yield a large range of
N-arylpyrazolines 74 under mild reaction conditions
(Scheme 14) [58]. A biphasic system (aqueous/organic) was
engineered during which the oxidation of the iodide mediator
took place in the aqueous place, thereby protecting sensitive
dipolarophiles such as styrenes from side reactions (e.g.,
overoxidation or polymerisation) in the organic phase. Ethyl
acetate was employed as organic solvent for ethyl glyoxylate

,‘i\r @ f\r
_NH r NN,
N (\R3 C(+) /'};hc =) | R
Jl + —_—_— R1
R1 R2 R2
72 73 74: 60 examples
23-91%
R'= CO,Et, conditions A: R'= Ar, Alk, conditions B:
2.7 equiv of 73 3.9 equiv of 73 (styrenes)
EtOAc/1 M aq Nal (1:4) EtOAc/1 M aq Nal (1:4)

25 °C, 35 mA-cm2, 5 F-mol" 25 °C, 35 mA-cm2, 5 F-mol~!

2
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—H,0, - | TOH
Ar Ar
! +
_NH It NH
N N
| !
1J R?
R 72 75
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e Ll 1/2 Hy + OH ‘\v/
SET J
- H,0
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selected examples IPh
N-N
/Ph N | Ph
N-N_co,Me  ph |
| ’\i Pz
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OAC  74¢:59%
74a:81% EtO,C

AcO
74b: 81%

Scheme 14: Synthesis of 1-arylpyrazolines [58].
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phenylhydrazone 72a while methyl rert-butyl ether was
preferred for aromatic and aliphatic aldehyde-derived hydra-
zones 72b. Styrenes, enamines as well as electron poor aliphat-
ic alkenes were all suitable dipolarophiles. From a mechanistic
point of view, the authors proposed the electrogeneration of
iodine in the aqueous phase. Under high stirring, the latter
would react with NH-arylhydrazones 72 in the organic phase to
furnish the N-iodo hydrazonium 75 and ultimately the nitrile
imine 76 under basic conditions provided by the cathodic
process. The critical role of the in situ cathodic generation of
the base was supported by a control experiment in a divided
cell, where no conversion was achieved. Final formal
(3 + 2)-cycloaddition with the dipolarophiles 73 delivered the
pyrazolines 74. It is interesting to note that a complementary
(3 + 2)-cycloaddition between aldehyde hydrazones and alkenes
for the preparation of pyrazolines was proposed by Tong, Song,
et al., achieving similar efficiency using oxone/KBr as an envi-

ronmentally friendly oxidative system [59].

Most recently, Zhou and Ma et al. described the electrochemi-
cal access to 3-aminopyrazoles 79 from arylpropynal-derived
NH-arylhydrazones 77 and secondary amines 78 in moderate to
good yields. Potassium iodide was employed as electrolyte and
mediator in ethanol in an undivided cell equipped with a car-
bon graphite and a platinium cathode. The transformation initi-
ated with the electrochemical generation of iodonium through a
two-electron process. Subsequent reaction with the hydrazone
and deprotonation formed the N-iodo hydrazone intermediate
80, triggering the reaction with the amine 78 through cationic
species 81. Final cyclization delivered the desired pyrazole 79
(Scheme 15) [60].

The group of D. Tang engaged aromatic aldehyde-derived
NH-tosylhydrazones 83 in an iodide-catalyzed electrochemical
formal (3 + 2)-cycloaddition with quinolines 84 to build
[1,2,4]triazolo[4,3-a]quinoline derivatives 85. Better yields
were obtained with hydrazones bearing an electron-rich substit-
uent on the aromatic ring. The reaction initiated with anodic
formation of iodine. The latter would react with hydrazone 83
to form the zwitterionic species 86 under basic conditions.
Subsequent formal (3 + 2)-cycloaddition with the quinoline 84
formed fused system 87 which underwent elimination of iodide
and sulfinic acid to furnish the aromatic product 85, thereby
regenerating the catalyst (Scheme 16) [61].

Given its abundance, stability, and low price, elemental sufur
(Sg) is an ideal source of sulfur atom to produce thiacycles [62].
In 2019, H.-T. Tang utilized this reagent in combination with
(hetero)aromatic ketone-derived NH-tosylhydrazones 89